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FOREWORD

This is the final report, prepared by Goodyear Aerospace
Corporation (GAC), covering the work performed and results
obtained under the "Advanced Definition Study for the
Determination of Atmospheric Ozone using the Satellite
Eclipse Technique."”

The technical objectives and contract requirements are based
on the Scope of Work and other requirements set forth in the
contract schedule of NASA Contract NAS 1-12,685 issued by the
NASA Langley Research Center, Hampton, Virginia, and dated
August, 1973.

Work on this study was administered under the Environmental

and Space Sciences Division of the Langley Research Center,
Atmospherics Branch;,; Robert Tolson, Branch Chief; Aeronomy
Section headed by Gerald M. Keating, Section Head and Program
Manager. Robert B. Lee, III of the Aeronomy Section was
Technical Monitor and Administrator of the program for NASA LRC.



ABSTRACT

A study was made to evaluate the potential for remote ground-
based measurement of upper atmospheric ozéne by determining
the absorption ratio of selected narrow bands of sunlight as
reflected by satellites while passing into eclipse, using the
NASA Mobile Satellite Photometric Observatory (MOSPO).
Equipment modifications to provide optimum performance were
analyzed and recommendations were made for improvements to
the system to accomplish this. These included new sensor
tubes, pulse counting detection circuitry, filters, beam-
splitters and associated optical revision, along with an
automatic tracking capability plus corresponding operational
techniques which should extend the over-all measurement

capability to include use of satellites down to 5th magnitude.

Utilization would be further extended through practical use

of small 15 to 30 arc second field stops, versatile filter

- combinations and improved digital recording methods.
Examination of available satellites, orbit distribution,
tracking availability, weather, geographical and other factors
indicate that, by making full use of the MOSPO mobility and

these improvements, between 500 and 1000 vertical ozone profile

measurements could be made per year over a wide geographical
range with a 3-man field crew at a much lower cost than

obtainable by any other known currently available method.
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ADVANCED DEFINITION STUDY FOR THE DETERMINATION
OF ATMOSPHERIC OZONE USING THE SATELLITE ECLIPSE TECHNIQUE

By R. Emmons, R. J. Preski, F. H. Kierstead, Jr.,
F. C. Doll, D. T. Wight, and D. C. Romick
Goodyear Aerospace Corporation

SUMMARY

This study has examined the nature of the ozone measurement problem
and the prospects for utilization of the satellite eclipse method
for effective measurement. The experimental measurements made with
the NASA MObile Satellite Photometric Observatory (MOSPQ) over the
past few years constitutes a firm experience foundation on which to
base this definition study of the potential effectiveness that
should be obtainable.

The purpose of this study is to

(1) Evaluate the potential of this method in relation
to other practical or possible methods

(2) Define the equipment requirements, principles,
methods, and techniques that will provide the
most effective measurement capability, and

(3) Determine the optimum choices of alternate consid-
erations that will give the best capability
relative to cost.

Accordingly, this study. undertook to first determine for each function
involved the alternate approaches which appeared reasonable, make a
comparative analysis to determine the best, and thus define the
optimum system, and its capability. This included all aspects of

the proposed ozone measurements: equipment requirements, mission
considerations, measurement techniques, data processing and analysis
methods.

The study of equipment requirements involved mainly the determination
of recommended modification and improvement to the existing MOSPO
equipment for most effective ozone measurement performance. The
resulting recommendations included use of smaller field stops by
adding automatic tracking, incorporation of added optical filtering,
a more sensitive photomultiplier, and pulse counting circuitry to
further improve sensitivity. These are expected to give a capability
for substantially improved measurement data from satellites ranging
down to about fifth magnitude. Additionally, digital IBM compatible
data recording with real-time monitoring is recommended so that the
data processing can also be fully automated - thus speeding up the
measurement cycle and substantially reducing costs.



The study of mission considerations, requirements and techniques

led to a definition of the relationships between satellite orbits,
observing site locations and resulting observing "windows." An
investigation of available satellites and orbit - characteristics down
through sixth magnitude led to an understanding of the factors
effecting mission planning and scheduling to make maximum use of
these windows, and an indication that almost continuous useful
measurement operations may be possible due to the increased
sensitivity and magnitude of each of the recommended equipment
improvements.

Additionally, an investigation of ephemeric data sources and methods
led to recommended procedures that should prove practical and adequate,
mainly involving utilization of the SPADATS satellite tracking system
of NORAD. Implementation procedures have been defined both for
satellite tracking data acquisition and for precise position determina-
tions to meet the accuracy needs as indicated by the position
sensitivity studies which were also conducted as a part of this
investigation.

Finally, data processing procedures and techniques have been
recommended, along with field calibration procedures and other
observational methods and requirements designed to optimize measure-
ment quality. It is expected that implementation of the recommenda-
tions of this study will result in a substantial new flow of needed
ozone (and possibly some other) measurement data to answer urgent
environmental and aeronomy questions at a very reasonable cost - -
much lower than for other methods currently emploved.

PRINCIPLES AND OBJECTIVES OF UPPER ATMOSPHERIC OZONE MEASUREMENT

Almost day by day, there has been a growing awareness of the real
nature and importance of the role played by upper atmospheric ozone
in shaping our environment. This growing awareness had resulted
from several things - the better scientific understanding of the
disciplines involved, .the increasing (through still meager) bank of
available data, the apprehension over such man-made contributors as
jet aircraft and the supersonic transport, and growing general
interest and understanding of all natural phenomena.

For ozone, all this is particularly true, since it apparently has a
more powerful effect than previously realized. The nature of- this
effect and the mechanisms involved, and the need for, principles,
objectives, and methods of ozone measurements are discussed below in
this section.

The Importance of Ozone

While most atmospheric elements strongly affecting our surface
environment are in the troposphere, where storms, climate, weather,
etc., operate, ozone is a resident mainly of the stratosphere, that
relatively tranquil region above the tropopause. Indeed, the
importance of the stratosphere in several regards is seldom recognized,
along with various aspects of ozone and other upper atmospheric
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chemical and other associated physical effects. A discussion of
these will form a better basis for consideration of measurement
principles and objectives.

The Importance of the Stratosphere - The stratosphere is important
both for the various functions that take place there, and for its
regulating effect on the transmission (or blocking and filtering) of
ultraviolet radiation from the sun.

Importance. of Stratospheric Function: The high stratosphere lies

like a giant translucent curtain over the much more active troposphere
below. It is therefore able to effect a strong filtering function,
despite its tenuous character, and can also do this somewhat
selectively. For this reason, any significant alterations - even
small ones - carry the potential possibility of subtle (or possibly
even stronger) alterations in the behavior of the lower atmosphere
beneath it, in addition to tis effects at the surface of the earth.

Pollution (either natural or artificial) is the most obvious such
alteration of the stratosphere and its.function, and is therefore
worthy of serious considerationiin this regard.

Three properties of the stratosphere make natural and artificial
pollution of this layer more critical than that of the troposphere.

(1) The thermal stability and virtual cloudlessness of the
straosphere permit many pollutants to reside longer in the
stratosphere (for a time measured in years) than in the
troposphere (days or weeks). The equilibrium concentration
produced by a continuous source can thus be 10 to 100 times
greater in the stratosphere than in the troposphere for an
equal source.

(2) Ultraviolet radiation creates ozone that is important, both
in controlling stratospheric temperatures and in shielding
life at the earth's surface from undesirable ultraviolet
radiation. Even small changes of pollutants - e.g. (PPM)*
for such pollutants as water vapor, or (PPB)** for nitric
oxide can play a significant role in the ozone equilibrium.

(3) The lower stratosphere is close to radiative balance. That
is, the individual heating and cooling rates due to water
vapor, carbon dioxide and ozone very nearly cancel each
other. Therefore, it is sensitive to relatively small
changes which could alter this balance.

The sensitivity of the stratosphere to even small intrusions of man-
made substances follows from the long residence time within the
stratosphere and from the possible role of even small concentrations
of certain substances in the ozone photochemistry and heat budget.
The stratosphere contains the greater part of the ozone that shields

*PPM Concentration factor in parts per million; i.e., parts of
pollutants per million parts of atmosphere

**PPB Parts per billion (parts of pollutant per billion parts of
atmospheric gas, etc.)



life from potentially damaging ultraviolet radiation; this service
for the biosphere is performed by concentrations of the order of PPM.
The ozone also plays a role in the stratospheric heat budget. For
these two important reasons, it is vital to be able to explain the
existing ozone concentrations and to predict future changes from
either man's or nature's introduction of pollution into the strato-
sphere. It is not now possible to provide a comprehensive explanation
for the observed ozone distribution for three reasons:

(1) Not all the constituents of the stratosphere are known.
(2) Some of the chemical reaction rates are still uncertain.

(3) Atmospheric transport of ozone and other ozone-producing
and ozone-destroying trace gases have received too little
attention.

No adequate forecast of future ozone changes due to man's activities
can be expected until all three impediments are eliminated.

Trace gases other than ozone require new sampling techniques and
instrumentation. The creation of a suitable model of atmospheric
transport is far from trivial; it may be more difficult than sampling
the high atmosphere.

The problem of stratospheric particles is primarily one of describing
their numbers. and characteristics. Since volcanoes inject massive
amounts into the stratosphere, a program of monitoring following the
next eruption will allow nature to perform an experiment that may

help to assess atmospheric response to man's injection of particles
into the stratosphere. Further, this together with routine monitoring
during periods of low volcanic activity, will provide the background
against which man's contribution can be judged.

Clouds in the stratosphere are rare. Without further information on
their occurrence and character, it is impossible to assess the role
that more or less atmospheric moisture can play in their modification.
In particular, they should be sought in regions of the stratosphere
with temperatures lower than about -75°C.

Stratospheric ozone is formed as a result of photodissociation of
molecular oxygen. It is destroyed either by photodissociation or

by recombination with atomic oxygen. Nitrogen oxides and hydrogen
compounds may play a role in the stratospheric chemistry leading to
the removal of ozone. Their photochemical influence in reducing ozone
in the upper atmosphere is relatively direct. In the lower strato-
sphere, however, atmospheric transport, both vertical and horizontal,
as well as the interaction between nitrogen oxides and hydrogen
compounds, represents influencing factors in variations of the ozone
distribution.

It is likely that significant modification by man of the existing
natural composition of the lower stratosphere would be required to
produce a decrease in stratospheric ozone. Because of the complexities
of the problem, involving the interactions.of stratospheric photo-
chemistry and atmospheric dynamics, it is not possible to say how

large this decrease would be or how this would affect the total ozone
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in a vertical column. Because of its great potential importance,
considerable research effort should be undertaken to minimize this
uncertainty before man-made contamination of the stratosphere is
allowed to reach significant proportions.

Stratospheric Transmission of Ultraviolet Radiation: The UV
transparency of the upper atmosphere is substantially affected by

its composition, and particularly by the presence of ozone. Aircraft
engines emit water vapor and nitric oxide, both of which could quite
conceivably produce changes in the amount of stratospheric ozone.
Since ozone is also one of the radiatively active gases in the
atmosphere, particularly in the stratosphere, climatic modifications
may result. It appears likely that radiative effects due to possible
changes in ozone would be negligible. But another possible consequence
of the potential change by man of the stratospheric ozone content
would be the resulting variations in ultraviolet radiation reaching
the earth's surface, which could have serious consequences for the
biosphere in general and man in particular.

The intensity of incoming solar UV radiation received by the ground
depends on the intensity of the radiation at the top of the atmosphere,
then filtered out primarily through absorption by ozone but also by
scattering by air molecules and dust. Although the unattenuated solar
radiation contains decreasing energy with decreasing wavelength below
3400A, the large increase of absorptivity by ozone below 34008 results
in even more pronounced decrease of the solar radiation received at
the ground, so that very little of the solar radiation below 3100
penetrates through the atmosphere to the surface.

It is well known that the human skin is very sensitive to various
wavelengths of ultraviolet 1light; the peak of this sensitivity is at
a wavelength of about 2950%. Not much radiation at this wavelength
penetrates to the surface, but that which does penetrate depends on
the amount of ozone present in the path.of the sun's rays. Large
amounts of the ozone present and/or long atmospheric paths (low sun)
would reduce the ultraviolet radiation transmitted to the ground.
Small amounts of ozone and/or short paths (high sun) increase the
ultraviolet transmitted to the ground.

It has been suggested that the apparent latitudinal increase in the
incidence of skin cancer toward the equator is because of the increase
of ultraviolet radiation received at the ground resulting from the
higher average solar elevation angle and decreased observed total
ozone toward the equator; for a fixed wavelength and solar zenith
angle a change in total ozone will result in a relative change in
ultraviolet radiation received at the surface.

The above subjects are discussed more fully in Reference 1.

Ozone Effects as a Heat Source - Photodissociation of oxygen is
produced by the more energetic photons with wavelengths between

1000 and 2000A, and is more pronounced at about 100 km altitude.

The less energetic photons, with wavelengths of 2000 to 3000 A,
penetrate even closer to the earth's surface into the lower strato-
sphere; there, they dissociate ozone which is less tightly bound than
oxygen. The temperature maximum at 50 km attests to the importance

of ozone photodissociation as a heat source. There is no corresponding
maximum in the temperature profile around 100 km where oxygen is
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photodissociated. But while oxygen absorption is not particularly
important as a heat source, it does have a profound effect on the
chemical composition of both the upper and lower atmosphere.

One result of photodissociation of oxygen is that much of the atmo-
spheric oxygen at high altitudes is in the atomic state. The actual
concentration of atomic oxygen is determined by the balance between
the rate at which it is produced by photodissociation and the rate at
which it recombines to form molecular oxygen. Theoretical treatment
-has so far failed to provide quantitative information on the relative
concentrations of atomic and molecular oxygen in the upper atmosphere.

Below 100 km in the lower stratosphere, the atomic oxygen produced
by photodissociation combines with melecular oxygen to form ozone.
Present only in trace amounts, ozone is only one hundred thousandth
of the ambient density - - even in the 15 to 25 km range where ozone
is at a maximum.

By absorbing strongly in the near ultraviolet (2000 to 30003), ozone
not only shields the troposphere and the ground over this biologically
harmful solar radiation wavelength range, but ‘also provides the energy
source responsible for the temperature maximum where the stratosphere
and mesosphere meet at the stratopause (50 km altitude). The rate of
radiation absorption at any altitude is proportional to the product

of the concentration of absorbing constituents and the radiation flux.
The altitude at which the rate of absorption reaches a maximum is
called the absorption altitude for that wavelength.

Relationship with Other Constituents - Although the measurement and
determination of amount of ozone is of prime importance in this study,
it has been ascertained that the amount of ozone present in the
stratosphere is affected by other trace constituents. For instance,
nitrogen oxides participate in the chemical processes of stratospheric
ozone. Excited atomic oxygen produced by photodissociation of ozone
interacts with nitrous oxide (N 0) to provide nitric oxide locally

in the stratosphere.

Nitrogen dioxide can be photodissociated by near ultraviolet sunlight
to give atomic oxygen and nitric oxide, or it can combine with atomic
oxygen to produce nitric oxide and molecular oxygen. The nitric oxide
combines with ozone, and in the ozone destruction, forms molecular
oxygen and reforms nitrogen dioxide. Thus, in the stratosphere the
photochemical effect of NO leads to a destruction of ozone through
catalytic action.

Another example of interaction is the manner in which water vapor
plays a role in the photochemistry of ozone. One of ,the products of
photodissociation of ozone at wavelengths below 31008 is excited
atomic oxygen.. Excited atoms react very rapidly with water vapor to
produce 2 hydroxyl (OH) molecules. Of less importance in the strato-
sphere is the photodissociation of water vapor that also produces OH.
Hydrogen, hydroxyl, and hydroperoxyl radicals and hydrogen peroxide
molecules are linked in the catalytic destruction of atomic oxygen

and ozone. The catalytic reaction of OH+O5— HO,+0, and HO,+O3—) OH+20,

have been suggested by many as representing a major destructive
mechanism for ozone in the lower stratosphere.



This very brief qualitative description of the manner in which ozone
interacts with other atmospheric constituents is described more
extensively in the literature treating this subject. (See References
2 through 7.)

Mechanics of Ozone Production and Destruction - Ozone is formed in

the earth's atmosphere as a result of the photodissociation of molecular
oxygen by solar ultraviolet radiation. The most weakly absorbed
ultraviolet radiation capable of dissociating oxygen is that absorbed

in the Herzberg continuum (A < 2420 %); the amount of oxygen in the
earth's atmosphere is such that even this radiation does not penetrate
to the surface, but is absorbed at altitudes between 20 and 70 km.

As a result, ozone is formed at high altitudes, and it occurs in
greatest concentrations at altitudes in the vicinity of 20 to 30 km. :
The reactions leading to the formation of ozone are:

0, + hwv (A < 2420 R) =+ 0 + 0 and (1)

o + 02 - O3 (2)

The rate of dissociation for (1) is determined by the intensity of
solar ultraviolet radiation at the altitude in question and by the
absorption cross section. Absorption in the Herzberg continuum is

all that contributes to the rate of dissociation _in the ozone region;
absorption in the Schumann continuum (A < 1760 A ) is more intense,
and the ultraviolet radiation in this wavelength region is all

absorbed at higher levels where the oxygen concentration is so low

that ozone formation according to (2) is too slow to be of significance.

The reactions leading to the removal of ozdne are:

O3 + hv = O2 + 0, and (3)

o + 0 =+ 20 (4)

3 2

Direct photodestruction, (3), proceeds at a rate determined by the
intensity of solar ultraviolet radiation (A < 3000 R) at the altitude
in question and by the absorption cross section, which has its maximum
value near 2550 A. This removal of ozone is temporary, since atomic
oxygen is released, which leads to ozone formation according to
equation (2). Equation (4) is effective in removing ozone; also,
atomic oxygen is removed by

0o + 0 > o0, (5)

Several other reactions also occur; however, those indicated by
equations (1) through (5) are among the most important. At any
altitude, the system proceeds to equilibrium in the presence of
sunlight, giving rise to equilibrium concentration of ozone.



Although ozone is formed because of sunlight, it does not disappear
at night. Instead, its concentration increases somewhat, especially
above 40 km. This occurs because the equilibrium is displaced
toward atomic oxygen and away from ozone by the ozone dissociating
ultraviolet radiation. Since only a minor portion of the total
atmospheric ozone is strongly influenced in this manner diurnal
variations in total ozone content are usually small.

Picture Obtained to Date - From previous measurements of ozone by
the various methods used to data, a generalized preliminary picture
can be drawn as to the amount of ozone present at a given place on
the earth with respect to such parameters as the total and vertical
distribution with season, altitude, temperature, time-of-day, etc.
Figures 1 and 2 (Reference 8) are contour maps which indicate the
seasons of maximum (spring) and minimum (fall). It can be seen that
total ozone in equatorial regions averages about 0.240 atmosphere-
centimeters (atm—-cm) and varies only slightly with season (atm-cm
refers to the height of the resulting volume of ozone if all the
ozone in the column of unit area were brought to normal surface
pressure and temperature.) The amount of ozone increases poleward,
reaching annual average values in excess of 0.380 atm-cm at high
latitudes. North of the tropical zone, the variation with season is
approximately sinusoidal, with a distinct maximum in early spring and
a distinct minimum in the fall.

Average total ozone has a significant longitudinal variation. The
general features of the ozone distribution conform roughly to the
gross features of the mean circulation pattern of the lower strato-
sphere. Larger amounts of ozone are associated with regions of low
pressure and warm temperature above the tropopause, smaller amounts
are found in the cold, anticyclonic circulation areas in the lower
stratosphere. Average seasonal amounts in the northern regions range
from 0.280 atm-cm over Norway in the fall to greater than 0.460 atm-cm
over northern Canada and Greenland in the spring.

There are marked temporal and geographical variations in the vertical
distribution of ozone. The maximum density of ozone is found in the
lower stratosphere, usually between 15 and 30 km, ozone density above
30 km decreases rapidly with height (see Figure 3). Below the
tropopause (10 km) the ozone density is small and relatively constant.
Variations in the total amount of ozone are accounted for by varia-
tions in the lower stratosphere. It has been found that the vertical
distribution and their seasonal variations are qualitatively the same
at high or low altitudes; the difference being that the seasonal
variational in the lower stratosphere are smaller near the equator,
there is little seasonal variation at any altitude and the maximum
density occurs at a higher altitude (~30 km).

The above statements indicate that there is a direct correlation
between seasonal variability in the vertical distribution and in the
total ozone amounts. This is due to the fact that changes in total
ozone amounts are caused mainly by variations in the ozone concentra-
tions in the lower stratosphere. The variability is governed by
transport mechanisms involving large-scale atmosphere wind motions.

A special feature of vertical ozone distribution is the occurrence of
double maxima on days of large amounts of ozone. The primary maxima
in concentration is observed between 20 and 35 km, and a secondary
maxima between 10 and 20 km. The secondary maxima, if analyzed in

8
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terms of ozone-to-air mixing ratio, can provide information concerning
the vertical component of stratospheric winds. Other pertinent
information on the total and vertical distribution of ozone may be
found in the literature, such as References 9 to 12.

Practical Concerns = It is possible to indicate here some of the
more important concerns and objectives for determining the total
amount and the vertical distribution of ozone in the atmosphere.

A very large number could be mentioned, some of which have already
been briefly discussed in previous sections. However, the following
in outline form are considered to be among the more important at

this time. As time passes and more is understood of the stratosphere
and its constituents, this list will undoubtedly grow to include many
more items.

Characteristics of the ozone model:
(1) Space and time distribution of ozone

(a) Seasonal and latitudinal variation of total amount
of ozone.

(b) Longitudinal and geographical variation of total
amount of ozone.

(c) The distribution of ozone with height.
(d) Year-to-year variation.

(e) Causes of seasonal and latitudinal variation with
height..

(2) Mechanism of Ozone Changes and Atmospheric Circulation

(a) Day-to-day variation of the total amount of ozone
and its relation to pressure changes.

(b) Amount of ozone in the lower layers of the atmosphere.
(c) Correlation between the total amount of ozone and
meteorological parameters such as tropopause height,
temperature, etc.
(3) The Vertical Transport of Ozone
(a) Importance of day-to-day changes.
(b) Importance of advection and vertical motion.

(c) Mechanism of vertical transport of ozone.

(4) Inter-effects between ozone and other gases, such as
oxygen, water vapor, nitrogen oxides, etc.

Effect of Ozone on Communications in the Polar Regions

Effect of Ozone on the Thermal Balance in the Atmosphere

12



Reasons for Upward Trends of Ozone in Recent Years

Physiological Effects of Changes in Ozone Amount

As was previously stated this brief list is not meant to be all
inclusive but is merely put forth as a justification for further

and more accurate ozone measurements by any and all possible means.

It is indeed fortunate that sufficient measurements of ozone and other
trace gases have been made in the past so that a partial understanding
of the interactions of the gases is now known. However, great numbers
of measurements and analyses are still needed before it can be said
that the understanding of these interactions is complete or even
adequate.

If, in view of the picture presented here that has developed to data,
sufficient additional measurement data could be obtained over a
sufficient range of geographical, seasonal and other wvariations in
the region above that where current jet aircraft are regularly
operating (where in situ measurements could easily be made by them);
that is above 10 to 15 kilometers - - then it would be possible to
develop a sufficient picture, correlate it with proposed supersonic
and regular jet airways, industrial regions, land masses, etc. and
thereby devise means to derive a viable future policy affecting
these matters.

ALTERNATE METHODS OF MEASUREMENT

Choices of Approach - Since discovery of the ozone layer over 60 years
ago, many optical and chemical techniques have been utilized to deter-
mine the total ozone content and the vertical distribution. These
techniques may be divided further into methods which measure ozone
directly and indirectly. The direct methods of measurement include
measurement by instrumented aircraft already operating in the areas
(very economical, but mainly limited to below 10 to 15 km), instrumented
rockets (very satisfactory, but very expensive and localized to launch
sites), and supersonic jets (military and commercial transports in the
CIAP Program, but as yet of limited and somewhat doubtful widespread
availability, and good only to perhaps 20 km). So for the really
widespread, extensive, and inexpensive measurements needed, the

indirect methods which can make measurements at substantial distances
(both vertically and horizontally) from the actual instruments will

have to be employed. And since (mainly for these reasons) only

indirect technigques are of interest here, only these techniques will

be discussed.

Indirect Methods Used to Date - The indirect methods which have been
used extensively are those associated with the various ozone absorption
bands at 2000 to 3300 ﬁ, 6000 K, 9.6 uym, and 8 cm. The most used
techniques are the Umkehr method, differential attenuation of sunlight
by eclipsing of articifial satellites, backscattering from satellites,
and a new technique utilizing Raman spectroscopy. The satellite
eclipse method, which is the prime subject of this study, will be
reviewed first.

13



The Satellite Eclipse Method - A method of ozone determination
which has been utilized recently is the satellite eclipse method
(differential attenuation of solar radiation). This method provides
the opportunity of remotely determining ozone concentrations over
geographic locations inaccessible to other methods in an inexpensive
fashion. Early investigators using ground-based instrumentation
included Venkateswaran, Moore, Link, Fesenkov, and Preski of GAC
(References 13 through 17). More recent investigations by Lee and
McDougal of NASA-Langley (Reference 18) have provided stratospheric
ozone concentrations over the North Atlantic Ocean and the continental
United States from measurements performed at Yuma, Arizona. The

- ozone reduction technique used by Lee and McDougal incorporates an
improved method to define the corresponding altitude of the ozone
determination. The reduction technique includes the effects of

solar limb dardening, finite size of the sun, and atmospheric
refraction. The measuremgnts are made simultaneously in narrow-band
filters centered at 6000 A and 7000 A (regions of hlgh and low ozone
absorption). This combination of wavelengths maximizes the attenuation
due to ozone with respect to the attenuation due to air and aerosols.

From early investigations and from those recently performed by NASA-
Langley, it is now possible to analyze the data with a high degree of
confidence and to specify further improvements to the data taking,
reduction, and analysis technigques. The satellite eclipse method is
described in the following paragraphs, and possible improvements to
the NASA-Langley method are discussed in later sections of this report.

" The principles involved in the differential attenuation technique are
illustrated in Figure 4. The solar ray illuminating the satellite
and being reflected to the observer at (0O) at a given instant is
shown. The point of nearest approach of this ray on the earth's
surface is actuated at the intersection of the terminator and the
incident plane, I. This is called the sunset point (S.'), while the
subsolar point is marked (S.'). The reflected ray (K) lies in a
different plane than the inc¢ident plant (I). These planes rotate
continuously with the satellite motion, but the effect of rotation
may be neglected during the brief period of the eclipse. The hori-
zontal path is much greater than the more vertical reflected ray path,
and thus, the attenuation takes place mainly in the I-plane. Also,
the attenuation in the R-plane changes little during the period of
importance during the observation, because the satellite zenith
distance does not alter appreciably during that period. During the
eclipse portion of the pass, the satellite measurements contain the
horizontal and vertical attenuation of the atmosphere. The measure-
ments are normalized by division with a pre-eclipse measurement
(obtained previously in the pass when the sun-satellite line passed
just above the atmosphere). This enables the ozone distribution to
be determined over the sunset point without the need to know the
total ozone between the ground-based photometer and the satellite.

14
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FIGURE 4 The Geometry of the Satellite Illumination Prior to
Its Eclipse

The attenuation is due to two physical processes: ozone absorption
and scattering by air and aerosols. The ozone absorption peaks in
the visible region at about 6000 A (Chappius band). Since thls band
is somewhat weaker than the ultraviolet band at 2000 to 3500 A
(Hartley-Huggins band), the attenuation of solar radiation by the
horizontal portion of the atmosphere occurs in an altitude range
from 50 to 10 km. Scattering by air molecules follows the Rayleigh
(x-4) Law, decreasing with increasing wavelength. Figure 5
(Reference 19) shows the strong wavelength dependence of the absorption
cross section of ozone and the decreasing wavelendth dependence of
the scattering cross section of air molecules in the visible region.

In order to minimize the air and aerosol scattering correction to

the total attenuation to deduce ozone concgntratlons, the NASA-Langley/
GAC method makes measurements in the 6000 A and 7000 & bands simultan-
eously. For these two bands, the relative difference in the absorption-
coefficient for ozone (5:1) is much greater than the relative difference
in the scattering coefficient for air (2:1) (see Figure 5). The
attenuation of the 6000 R /7000 -3 intensity ratio is predomlnately

due to ozone absorption with a small correction for air and aerosol
scattering. For example, at 25 km approximately 95% of the attenua-
tion is due to ozone and only 8% is due to air and aerosols.

It should be noted that ozone measurements performed by the Umkehr
method and the method of differential attenuation of solar radiation
“from artificial satellites have utilized the strong absorbing wave-
lengths in the UV, while the ground-based measurements using the
differential technique have been performed using the Chappius wave-
length region. Consideration has also been given to measuring the
ozone absorption in the UV using the differential attenuation method
from the ground, a short discussion of which follows.
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As has been stated previously, the atmospheric absorption due to
ozone in the 2000 to 3500 1}, UV-region, is many magnitudes stronger
than that in the Chappius region. For instance, the ozone absorption
coefficient in the 1963 U.S. Standard Atmosphere at 3000 R is 2.00 x
10-1/km, as compared with 2.61 x 10—3/km at 6000 &. The former value
is far less than the maximum absorption in the UV, which is located
at approximately 2500 K, while the wvalue at 6000 is the maximum in
the Cahppius region. A possible combination of ozone/nonabsorptlon
wavelengths would be 3300 & and 4500 &; the 4500 2 region being the
same measurement ag that used for the nonabsorption measurement with
the 6000_and 7000 A filters. The higher ozone absorption coefficient
at 3300 A results in the horizontal attenuation occurring at higher
altitudes, from 70 tg about 30 km. As is well known the extinction
coefficient at 3300 A is quite high; Johnson and Mitchell obtained
average values of primary extinction coefficients of 0.692 at 3300 A
as opposed to 0.237 at 4500 A for 100 observation nights at Catalina
Observatory near Tucson, Arizona, which is known for its excellent
clarity and seeing conditions. If this spectral region is to
determine ozone, it is probable that observations should be made from
high altitudes (Mt. Palomar height) where UV extinction is relatively
low. There gre substantial advantages in using the 3300 R as opposed
to the 6000 A region for ozone determination, especially with respect
to determining at heights above 50 km, if suitable measurement sites
can be used.

Umkehr (Inversion) Method - Perhaps, the most extensively used
indirect method to date is the so-called Umkehr method (literally
inversion). The Umkehr effect is observed when measurements are
made of the ratio of the zenith sky light intensities of two wave-
lengths (3114 and 3324 R) in the solar ultraviolet with the sun near
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the horizon. If the logarithm of the ratio of the intensity of the
short (strongly absorbed] wavelength to the intensity of the long
(weakly absorbed) wavelength is plotted against the sun's zenith

angle, this log-intensity ratio decreases as the zenith angle increases
until a minimum is reached for a zenith angle of approximately 85°.

As the zenith angle increases further, the log-intensity ratio
increases again. This reversal of the curve was first observed and
named by Gotz in 1931, who realized also that information about the
vertical distribution of ozone could be obtained from the Umkehr curve.

It is not necessarily suggested that the Umkehr method be utilized as
a supplement to the satellite eclipse photometry technique (although
this is not beyond the realm of possiblity), but it is suggested that
the Umkehr method be examined from the literature and information be
obtained by visits, correspondence, and/or phone calls to various
investigators who have used this technique. Persons and/or places
where measurements and/or data reduction have been performed extensively
include; (1) Mateer, University of Michigan, (2) Meteorological
Branch, Department of Transport, Toronto, (3) Dutsch, National Center
for Atmospheric Research, Boulder, Colorado, etc. This technique is
extensively referenced in the literature; see for instance, Reference
20 to 23.

It might be noted that Umkehr reductions are made extensively for
investigators by the Meteorological Branch, Department of Transport,
Canada, using the technique devised by Mateer and Dutsch (see
Reference 24).

Narrow—Band Filter Requirements

Chappius Band - Since the NASA-MOSPO already contains narrow-band
filters centered at approximately 6000 and 7000 A (Figure 6), it is

not necessary to place new filters in these wavelength reglons.

Slight consideration might be given to replacing the 7000 A filter

with one centered near 7200 A, cojncidental with the Johnson-Mitchell
stellar photometric bnad at 7200 A for extinction measurements. It is
also recommended that:a new nonabsorption narrow-band filter be placed
near the 4500 A region as has been used by other 1nvestlgators. This
filter should have a half-band width of about 15 to 20 A as do the
other two filters. It is felt that the addition of this filter will
aid in more accurately determining the amount of ozone present

bacause there will be two 1ndependent calculations performed;

i.e., from the 4500 to 6000 2 pair and from the 6000 to 7000 A pair.
Another advantage from use of the band at 4500 and 7000 R is the
possibility of obtaining independent values of the aerosol contribution
at these wavelengths. It should be stated that the nonabsorption
wavelengths should have nearly identical absorption coefficients, such a
as is true at approximately 4500 and 7200 A which is also coincidental
with Johnson narrow-band wavelengths.

Near UV-Band - As has been stated elsewhere in this report, the
previous attempts at obtaining ozone data by ground-based instrumenta-
tion utilizing the differential attenuation technique have all been
performed in the Chappius band region.
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It is here recommended that an additional fjlter be placed at 3300 A
along with the ones at 4500, 6000 and 7000 A. Since the extgnction
coefficient at 3300 R is approximately 3 times that at 4500 A (or
approximgtely one stellar magnitude), it is possible fhat the filter
at 3300 A will have to be wider than the one at 4500 A. A filter of
approximately 30 to 40 A half band width is thought to be adequate
for this purpose.

Observational Techniques and Requirements

Calibration Requirements and Technigues - Previous determinations
of ozone utilizing the method of immersion of an artificial satellite
into the earth's shadow have not taken into consideration extinction
as a function of zenith distance, wavelength, etc. A short
preliminary discussion and calculations are given here outlining a
possible method for determining these corrections to the equations
for determination of ozone.

The equations for determination of second-order coefficients, scale
factors, and primary extinction coefficients and zero-point terms

are well known and have been used in the past by GAC to determinate
stellar and artificial satellite magnitude levels. The standard stars
used in these determinations are those as published by Johnson, et al,
at the University of Arizona for the UBVRI spectral regions. Since
these spectral regions are broad-band (v600 to 1000 & wide at the
half-band width), and since the "effective" wavelengths are at
different places in the electromagnetic spectrum than are those for
the ozone measurements (although the R-band wavelength is very close
to the wavelength for the nonabsorption region used in the ozone
measurements), it is thought that the narrow-band values should be
used for the extinction determinations in the ozone measurements.

Such calibration measurements are thought to be advisable for best
accuracy because of some possible variation of extinction with
wavelength.

If this method is utilized, the narrow-band stellar magnitudes as
determined and published by Johnson in their 13-color medium-narrow-
band photometry system could be used. The effective wavelengths for
this system are at 3300, 3500, 3700, 4000, 4500, 5200, 5800, 6300,
7200, 8000, 8600, 9900 and 11000 A. Since the published catalog
listing the results of these measurements (see References 25 and 26)
incluges star values at or near the wavelgngths of interest (e.g.

3300 A, 4500 A, 5800 &, 6300 &, and 7200 A) they can be used in a
fashion analogous to the way in which the broad-band stellar catalogs
are used for conventional satellite photometry. Typical response
curves used in these bands are shown in Figure 7. It is noticed that
these wavelengths are not coincidental with the ozone wavelengths

and thus an interpolation for the effective magnitudes at 6000 and
7000 & would have to be made. However, because of the simplified
equations used in the determination of narrow-band stellar magnitudes,
it appears that this method might prove superior (for this application)
to the method used in broad-band photometry.

18
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The equation for magnitude determinations as utilized by Johnson
is as follows:

M = s - 2.5 log d -k x + 0z (6)

where M is the magnitude, s is the gain factor, d is the
galvanometer deflection, k is the extinction coefficient,
X is the air mass, and ¢ is the zero point term.

It is to be noticed that there are no second-order terms or scale
factors in this equation. ~

=]
F-G-K spectral class standard stars in the 6000 and 7000 A regions
would be measured to determine these extinction coefficients.
These star calibration measurements would be made before and after
the pass through the same narrow band filters used during the pass
to photometer the satellite eclipse. (See Reference 27.)

In practice, determinations made in this way should be compared with
measurements derived without use of calibration star reading to verify
the degree and worthwhileness of accuracy improvement by their uses.

Data Taking Techniques - Sky Background Requirements and Methods

The present four-channel photometric system allows simultaneous,
continuous sky background and satellite monitoring. This method is
ideal for ordinary UBV-VRI satellite photometry in which the satellite
sky background signal is taken throughout the satellite pass. As the
satellite approaches the earth's shadow, the signal becomes dimmer
and thus the gain must be raised in order to keep the signal at a
satisfactory level. Since the time of duration of eclipse photometry
is short (~ 10 to 60 seconds), it is imperative that random or
inadvertent signal dropout not occur or be minimized. It has been
recommended elsewhere in this report that all four channels be used
to obtainddata such as the ozone absorption region, nonabsorption
region, aerosols, etc., simultaneously. If this method is utilized
in the future, the sky background signal cannot be monitored
continuously during the period of eclipse. A different method of
determining the differential (satellite + sky - sky) signal will have
to be developed. Several possibilities exist as to these methods:

(1) Before and after the pass, the 4-axis settings could be
set at the predicted positions and the sky levels be
registered along the satellite path.

(2) The sky levels might be determined during the observation
by the following technique. Acquire the satellite
several minutes before eclipse, drop off to acquire the
sky background and then reacquire just prior to eclipse.
The background level at the end of the eclipse will
commence when the satellite signal merges into the sky
background. This technique may require some interpolation
during the eclipse period if the satellite altitude is
30° or less.
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(3) A third possible method is to continuously track the
satellite during the eclipse, but drop out periodically
(automatically) using a magnetic switch or an optical wedge.
The dropouts should be limited to no more than 1/10 second
if this- integration time is adequate.

It is possible that the difference in sky background level between
first and last contact will be small with regard to pulse-count
discrimination. The differential zenith angle in the worst case will
probably not be much more than 10 to 15 degrees (and more probably

5 degrees) during the course of an eclipse; thus, the pulse count
differential should be small. If this indeed is true, sky background
should not be a major problem during an eclipse; the best method to
use to obtain the background will depend on whether the very short
integration time is adequate and/or whether the differential sky
background is significant.

Data Processing and Instrumentation Requirements

It is recommended that the over-—-all reduction and analysis program be
examined and appropriate modifications be made to the various computer
programs. Since the inputs to different sections will be discussed

in more -detail elsewhere, only an outline plus a brief discussion of
each subject will be given here.

Sunset Point - The present program for calculation of sunset points
should be examined to determine whether the treatment of atmospheric
refraction and finite sun size affects the accuracy of the latitude
and longitude of the sunset points or the assumed measurement
altitude. (Fesenkov's method can be considered for this - Reference
16). The program can then be refined as deemed advisable. Reference
28 also explains methods of incorporation of several parameters into
the ozone determination equations.

Accurate Orbit Determination - Definitive orbits of the satellites
with position determination accuracies of approximately 330 m (1000
feet) are required to be compatible with automatic data reduction,
integration times on the order of 1/10 second, and shell sizes on
the order of 1 kilometer or less. Definitive orbits may be obtained
from Ent AFB. This question is more fully treated in the next
section.

Extinction Coefficients =~ Primary extinction coefficients are
definitely required in each wavelength band used. A program should
be developed as to how many stars should be used, types of stars
(F-G-K spectral class) and a revised computer program written to
calculate the extinction coefficients. This program will probably
not be as complex as the program now used for conventional stellar
and satellite photometry as it may not require second-order
coefficients or scale factors.
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Over-all Computer Programming = The fundamental equations for
calculation of ozone should be examined and corrections placed into
the equations for extinction, solar limb darkening, atmospheric
refraction, finite size of the sun, Rayleigh scattering, etc. The
model must include the shell size, the definitive orbit positions and
other parameters. It is recommended that NASA-Langley send its
present computer program to GAC for analysis and incorporation of
improved features. Plot programs and layout of important data on
printout sheets should be part of the over—-all development. The
layout should include satellite position, relative brightnesses of
the various bands, vertical ozone determinations at the various
altitudes in atm-cm/km and numbers of molecules/cm, total ozone in
. atm-cm and total number of molecules, etc.

Independent Determination of Scattering Coefficients - As was:

stated previously, it is possible to obtain independent values of
scattgring coeffjcients from the measurements at approximately

4500 A and 7200 A. Since the ozone amounts are equal and the Rayleigh
scattering known, the remainder of the extinction is due to scattering.
There are details to be worked out with relation to particle size and
numbers of particles versus wavelength, however, this type of considera-
tion has been studied extensively and should not be considered as a
major roadblock. It should be stated that independent measurements of
atmospheric particles are important as a function of time due to such
events as possible stratospheric contamination by SST's or volcanic
eruptions.

Data Point Interval Integration Time - Data point readings should be
at least once every 1/10 second for compatibility with the shell size/
altitude resolution and accuracy objectives. (This is also treated

in the next section.)

Data Format - Because of the tremendous potential for data reduction
cost saveing, increased data yield, and speed—-up in obtaining results,
it is strongly recommended that the data be recorded in IBM compatible
format, and that software and processing procedures be developed so
that the full data processing can be automated.

MISSION CONSIDERATIONS AND REQUIREMENTS

Introduction

In order to meet the ozone measurement objectives described in the
preceding section, there are several measurement mission considerations
that need to be treated. A primary consideration is the number of
observational opportunities that will be available, and what site
locations will provide such observational opportunities. This in

turn specifies the requirements in terms of time at various sites and
satellites to be observed to meet a given ozone measurement data
acquisition objective.
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The other major mission requirements involve the obtaining of associated
satellite position data to meet measurement accuracy objectives, and

the mission planning and preparation requirements, including observing
windows for each site, satellite eclipse observing schedules,
acquisition and tracking data, etc. These considerations and require-
ments are treated in this section.

Observational Opportunity Aspects

The observational opportunities for satellite ozone measurements will
depend on the geometry of the satellite orbit, which will in turn
determine the frequency of eclipse occurrence, and upon the number

of available satellites meeting brightness and reflectivity require-
ments. In addition, other factors, such as locale, weather,
contingencies, etc., will play a role.

The basic operational geometry will involve the location - - mainly
the latitude - - of the observing sites, inclination of the orbit
plane, orbit height, etc. These geometry relationship parameters
must be defined, and the average eclipse frequency established.

Determination of Shadow Entry Latitude

The latitude at which shadow entry occurs is determined by the position
of the sun* and the orientation of the satellite orbit. For any
specific satellite, both are functions of time and therefore inter-
related. However, for the general assessment of observational
opportunities they will be considered to be independent.

A closed solution for the shadow entry point is not possible for an
elliptical orbit, so the investigation was confined to circular orbits.
The general conclusions, however, should be valid for moderately
eccentric orbits. Also, for convenience it has been assumed that the
earth's orbit about the sun is circular - i.e. the sun's longitude is
a linear function of time.

In order to find the latitude of shadow entry, the position of the sun
with respect to the orbit plane of the satellite is first determined
through a series of axis transformations (see Figure 8).

The rectangular equatorial components of a unit vector pointing
toward the sun are

X = cos B (7)
Y = sin B-cos € (8)
2 = sin B sin ¢ (9)

*Position of the sun fixes the position of the antisun location.

25



where B is the longitude of the sun and € 1is the obliquity of the
‘ecliptic. Rotation about the polar axis through the angle 2 , the
right ascension of the node of the satellite, gives

= X cos Q + Y sin Q (10)

S = =X sin 8 + Y cos Q (11)
where P is the component of the sun vector directed toward the node and
S is the component in the equatorial plane and orthogonal to P.
Rotation into the orbital plane gives

Q = 8 cos i + Z sin i (12)

U = =-S5 sin i + 2 cos i (13)
where i is the inclination of the satellite orbit, Q is the

component of the sun vector in the orbital plane orthogonal to P,
and U is the component perpendicular to the orbital plane.

The spherical coordinates of the sun vector with respect to the
orbital plane are

Equator

FIGURE 8 Axis Transformation Geometry and Symbols

[ ]
Shadow Circle 180 +a -V
—

o

E NS'

Orbit

FIGURE 9 Shadow Geometry
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a' = tan Q/P (14)

§ = sin_l R = cos—l V P2 + Q2 (15)

The spherical coordinates of the antisun point are, of course,
a' + 180 and - §°'.

The intersection of the shadow cylinder with a sphere of radius
equal to the satellite radius vector projects onto the celestial
sphere as a small circle whose center is at (a' + 180, - ¢§') and
whose radius is

(16)

where R 1is the radius of the earth and r is the satellite radius
vector. Figure 9 shows the geometry of the intersection of the
satellite orbit with the shadow circle. v' is the satellite's true
anomaly at shadow entry, measured from the node. 1If IG'l is greater
than A, there is no shadow entry.

From Napiers laws it is apparent that

cos A = cos 606' cos (180 + a' - v'") (17)
= cos O' cos (v' - atb)
whence
v = a' + cos-l (-cos A/cos ') (18)

Note that there are two solutions to this equation, depending on the
quadrant assigned to the arc cosine. The second quadrant solution
represents the shadow entry; the third quadrant solution is the shadow
exit. The latitude of the shadow entry is then

‘¢ = sin—1 (sin v' sin i) (19)

and the latitude of the tangent point (where the ozone absorption
occurs) is

- 1 +
o - sin 1 sin ¢. Z cos A (20)
S sin A

The great-circle distance between an observer and a satellite which
appears to the observer to be at an elevation E above the horizon is

Ad = cos_l [}R cos E)/%] -E (21)
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Eclipse Frequency

A computer program was written to evaluate the probability of observing
a shadow entry of a single satellite from a fixed observing station,

as a function of station latitude. For a fixed satellite orbit
inclination and height, the longitude of the sun is varied in equal
increments from 0° to 180° and the right ascension of the node of the
satellite is varied from 0° to 360°. Tallies are kept, for stations

at equal intervals of latitude from 0° to 90°, of each shadow entry
thus generated whose latitude is within A¢ of each station. At the
completion of the program each tally is divided by the number of

shadow entries attempted and multiplied by the factor A¢/ (360 cos ¢).
This factor represents the probability that the longitude of the shadow
is close enough to that of the station. It is accurate at lower
latitudes, but it fails near the pole where cos ¢ becomes very small.

Note that it is assumed that all eclipse entries whose latitude and
longitude differ by less than A¢ .and A¢:/ cos ¢ respectively from
those of the observer will be seen. This somewhat overstates the
probabilities by substituting a square window for a circular window.
A better formulation which avoids this problem is now available and
will be used in any future studies.

The probability of observing a shadow entry on a given day -is obtained
by multiplying the probability per orbit by the number of orbits
per day.

The probability of having the tangent point at a specified latitude
is obtained similarly by tallying against the tangent point latitude
and dividing each tally by the number of shadow entries attempted.

The computer program and the input data format are included in
Appendix A.

Computer Results - Figures 10 through 17 present the unsmoothed
results of the computerized statistical studies of selected orbits
that were performed to determine

(1) the relative frequencies of shadow entries versus the
observer's latitude (Figures 10 through 13), and

(2) the relative frequencies at which the point of tangency
of the incident solar ray (sunset) occurred at a given
latitude (Figures 14 through 17).

In the first instance the results show a complex dependency of
frequency upon orbital height, inclination, and observer latitude
which prevents making simple all-inclusive generalizations.

At a given site at low or moderate latitude, Figures 10 through 13

show that the relative frequency of observable shadow entries increases
with increased orbital height to at least 1600 km. For all but low
inclination orbits the results show decreasing sensitivity of

frequency to observer latitude as orbital height is increased.
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For low to moderate orbital heights and inclinations, a sharp maximum
frequency occurs when the observer's latitude reaches the parallel at
which the orbit's vertex rises above the poleward horizon to the
specified minimum observational elevation (30 degrees). For these
cases the remarkable sharpness and separation of the frequency maxima
shows that observer mobility can be a positive asset in exploiting
the shadow entry opportunities among a variety of target satellites.

Figures 14 through 17 are useful where there is interest in probing

the ozone concentration at a particular latitude showing for selected
orbits the relative frequency of shadow entries having a given latitude
of sunset. Note that the.frequency maxima for sunset latitudes tend

to follow orbital inclination, although not closely. Frequency drops
to zero at the geographic poles. For the middle latitudes moderately
inclined orbits yield somewhat lower maximum frequencies. For a given
sunset latitude the frequencies decrease as orbital altitudes increase.

While the results of these statistical studies provide guidance in
preliminary program planning and target selection, specific mission .
planning will continue to depend upon the analyses of ephemerides for
real satellites at postulated observing sites.

For an example of how these charts might be used, note that for ozone
determination at a latitude of 35 degrees, a target satellite of low
orbit (see Figure 14). Figure 10 shows that the maximum number of
shadow entries for this orbit occurs at a site latitude of about 39
degrees, but whether this site is actually the optimum for the
particular tangent ray latitude would require further investigation,
as appropriate to specific mission planning.

Observing Site Considerations - Since the observatory is mobile
there would seem to be complete freedom in choosing a site, on land,
from which to perform the observations. In reality this far from
being true. To be practical the site must offer a high probability
of clear night skies. This, as always, remains a first consideration.
High altitude is advantageous to reduce atmospheric extinction and sky
brightness, but crew efficiency may be degraded above 3000 meters MSL.
Site accessibility is certainly a practical consideration. These are
all factors inherent in any astronomical observing mission, and are
familiar to those who have planned the numerous missions of the
mobile photometric observatory.

An important consideration that is new is the shadow entry observing
mission is the desired latitude. The frequency of observable shadow
entries is generally quite sensitive to latitude, as pointed out
previously. For a specific target satellite the most desirable
latitude is approximately equal to the satellite's inclination reduced
by the great circle distance at which the satellite appears to the
observer to be at an elevation of 30 degrees above the horizon.

(i - A¢). .

For establishing the desired latitude for multiple target satellites
in specific mission planning the following procedure is recommended.
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Based on actual orbital elements of the selected target satellites,
shadow entry latitudes are determined versus calendar date. (A
geocentric ephemeris program such as Smithsonian's "Ephemeris VI"
will suffice.) A graph is drawn of these results, similar to the
example in Figure 18. Inspection of the graph, together with the
assessed value ofA¢ for each satellite (see Equation 21), will P
reveal desirable latitudes and preliminary calendar dates for the
observing mission. The graph makes evident the latitudes and dates
of maximum observational opportunities. When the desired latitude
has been adjusted for other considerations and the site's actual
latitude has been determined, actual topocentric ephemerides must be
made to confirm the indicated observing window.

For example, Figure 18 shows shadow entry latitudes versus date for
three satellites for which the information was readily available.

The curves for Pageos and Explorer 19 terminate in all-sunlight orbits.
Thed¢ value for SKYLAB is 6 degress, for Pageos, 29 degress, and for +
Explorer 19, 11 degrees. Attention is drawn to the region of inter-
section of the SKYLAB and Explorer 19 curves. It is seen that for
site latitude + 44 degrees shadow entries for both satellites should
be observable in the same calendar period. SKYLAB's window appears to
extend from August 22 through September 9, or 18 days. Explorer 19's
window appears to extend from August 20 through October 1, or 42 days.
By this approach we may find the latitude windows which appear
promising, and then these may be fully investigated by topocentric
ephemerides. It is to be expected that the full investigation will
reduce the indicated window's calendar span.

Longitude is a less important consideration in site selection and
generally may be chosen to satisfy other factors such as weather,
economy, etc. There may be a longitude preference where simultaneous
positional data is to be taken at an established tracking site, for
improved geometric accuracy. Also, it is possible that due to
phasing in the times of the satellite passes an adjustment of site
longitude would be beneficial.

For shadow entry observations, more than for any other satellite
photometry mission, it is clear that the mobility of the observatory
is a positive asset. No one site can continuously provide the maximum
density of shadow entry opportunities.

Available Satellites

Criteria for Target Satellites - In the selection of target satellites
the essential requirement is that the satellite be sufficiently bright
that it may undergo several (at least two) stellar magnitudes of
attenuation during shadow entry and still provide measurable photo-
metric signals in the narrow band channels. Engineering study of the
capability of the up-graded photometric system shows that narrow band
signals from a source that is attenuated down to a broad band visual
magnitude of + 7 will be measurable (see the following section). It
follows that a target satellite, before shadow entry, should be no
fainter than magnitude 5. Since most satellites vary in brightness,

it is their minimum illuminance to which this criterion must be applied.
Target variability itself may be tolerated since the methodology of
ozone determination depends upon the ratio of narrow band intensities
rather than their absolute values.
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The second consideration in target selection is the accuracy with
which the geometry associated with the observation can subsequently
be defined. Preference should be given to those satellites whose
orbits can be well defined, i.e., satellites having a high mass-to-
area ratio and with orbital heights in the more stable 500 to 1000 km
range. Thus payload satellites generally would be perferred to spent
rocket bodies.

Since grazing shadow entries permit longer signal integration times
and/or enable the taking of a greater number of data points, and also
may relax final orbit accuracy requirements, consideration should be
given to the target satellite's (A - i) orbital parameter, as explained
in the following paragraphs. (See Equation 22.)

To maximize opportunities for grazing shadow entries the (A - i)
parameter should be about -23 degrees. When the value of this parameter
exceeds + 23 degrees no grazing shadow entries are possible.

If the latitude of the observing site can be assumed, the relative
frequency of shadow entries can be approximated for candidate target
satellites using graphs presented in this section. A satellite having
a higher relative frequency of shadow entries obviously is to be
preferred.

Finally, there could be compelling reason to select a particular
satellite simply for the specific tangent ray (sunset) latitude it
would probe during a given window of shadow entries, but this
selection could result only from a thorough special investigation of
the specific case.

Although these various considerations need be kept in mind during the
target selection, compromise with all except the essential brightness
requirement appears inevitable if any significant population of
candidate targets is to be established.

List of Brightest Satellites - To assist in the selection of
candidate target satellites an "Approximate List" of the 129 brightest
satellites currently in orbit has been compiled (Table I). The table

is self-explanatory, with several footnotes.

The list generally proceeds from the brightest to the fainter satellites
but since reference magnitudes may differ, or one reference magnitude
may be missing, in places the order is somewhat arbitrary.

It is estimated that the list is more than 90 percent complete for
satellites brighter than visual magnitude 5 that are of special
interest here. The list extends to some fainter satellites to include
the brightest of the laser-tracked satellites, ERTS-1, whose orbit

is being routinely determined to 100 meter accuracy.

The magnitude ranges have been furnished through the courtesies of

Mr. Michael McCants, an experienced volunteer satellite observer at
Austin, Texas, and Mr. Albert Werner, Chief of the Moonwatch Division
of the Smithsonian Astrophysical Observatory, Cambridge, Massachusetts.
Mr. McCants' magnitudes are from his own observations; Mr. Werner's
magnitudes were compiled from sources available to him. Where these
authorities appear to differ, the extreme magnitude should be used.
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Table I. "APPROXIMATE LIST" OF ERIGHTSST SATELLITES (1973)

beare, | Wo. | o e N I e
73-027 B | 6634 |SKTLAB R etk ;4311 T 308 | 38 | 50.0°]70.39 20.3°
73-027 A | 6633 |SKYLAB 44 3]0 0| 132 8 | 50,0 |69.5]| 1905
| 65-009 A | 1085 |PEGASUS 1 -1 5|2 & | 496 sh | 31.7 | 68.1] 36.4
65-039 A | 1381 |PEGASUS 2 -1 6 |4 5 | 535 66 | 31.7 | 67.3] 35.6
68-110 B | 3598 |OAO-A2 R 0 6 |1 5| 764 | 47 | 349 [63.3] 28.4
65-009 B | 1088 |PEGASUS 1 &1 | 1 & 580 | 96 | 31.7 | 66,41 347
65-039 B | 1385 |PECASUS 2 @f | 1 5 593 | 96 | 31.7 ,66.25 345
65-060 B | 1468 |PEGASUS 3 @4 | 1 6 4ok b | 28.8 | 70.1] 4.3
63-047 A | 694 |CENTAIR 2 17 1089 | 617 | 30.3 | 58.7] 28.%
66-056 A | 2253 |PAGEOS 2 512 190 | 811 | 86.3 | 37.1 | 49.2
70-111 B | 4807 |co0S 387R | 2 5 |4 6 | 506 | 10 | 7.0 | 67.9| 6.1
7-013B | 4556 |COSM0S395R | 3 7 |2 5| 519 | 1% | 74.0 |67.6 | 6.4
£7-073 B | 2896 10504 R b 8|2 & | w8 | 62 | 859 !|70.0l-15.9
67-027 B | 2721 |COSMOS 151 R | 3 5(3 & | 600 | 26 | 56,0 | 6641 | 10.1
71-103 B | 5629 |COSMOS 460R | 3 3+ s15 | 18 74,0 | 67,7 | =643
69-070 B | 4071 obsmos 292 R 5 8+|3 & | 747 h | 74,0 | 63.5 |=10.5
68-095 B | 3527 |COSMOS 250 R 3 5 3 4 | 462 5 4.0 | 68,8 | =5.2
68-070 B | 3349 |COSMOS 236 R | 4 6+|3 L4 | 582 | 26 | 56.0 | 66.4| 10.4
69-021 B | 3776 |COSMOS 269 R 3 5 | 474 3 | Thel | 68,6 | =5.5
67-104 B | 3019 |COSMOS 185R | 3 6+|3 5 | 676 | 152 | 64.0 | 64,7 0.7
71075 B | 5467 |coswos 437R | 3 743 5| 516 | 13 | .0 | 67,7 6.3
67-108 B | 3023 |COSMOS 189 R | 3 5+| 4 & | 506 | 18 | 73.9 | 67.9 | =6.0
67-102 B | 3011 |cosMos 184 R | 3 6 | & 5 | 610 | 79 | 81.1 | 65,9 |~15.2
70-024 B | 4361 |COSMOS 330R | 3 5 5 | 49 | 15 | 74.0 | 68,1 | =5.9
66-038 B | 2169 |COSMOS 118 R 3 5|6 61| 592 38 | 649 | 66,2 | 1.3
64053 A | 876 |COSMDS M 3 6+ 6 6| 728 | 132 | 65.0 | 63.8| ~1.2
71052 B | 5282 eosif-.os U26R |.4 6+ 3 5 | 1170 | 784 | 7He0 | 57.7 | =163
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Table I. Continued ‘
: : Ref MC|Ref.W
2-017 B |5895 | COSMOS 479 R |3 S+ | 5 5| 514 | 24 | 7,0° | 67,7 | =6.7°
68-019 A {3150 | COSMOS 206 3 5+ 598 16 | 81.2 | 6641 |~15.1
70-113 A | 4813 | COSMOS 389 3 6 662 24 | 81.1 | 65,0 |=16.1
69-068 B | 4066 | PAC-A 3 6 436 | 19 | 32,9 | 69.4 | 36.5
71=060 A | 5329 5 5+|3 6 | 473 7 | 7H.9 | 68.6 | =643
65-081 B {1625 |0GO 2 R 5+7 |3 6 | 848 | 439 | 87,3 | 62,0 |=25.3
68-110 A |3597 | OAD=A2 - 3 6+ 769 5 | 35.0 |63.2 | 28,2
71-105 B | 5644 |COSMOS 461 R |3 7+ 476 | 18 | 69.2 | 68,5 | «0.7
69-107 B | 4274 |COSMOS 315R |3 74 480 G | 7.0 | 68k | 5.6
65053 F [1448 | COSMOS 71-75 R |3 7+ 556 37 | 56,0 | 66.9 | 10.9
64031 C | 815 3 8 830 10 | 99.8 |62.2 |«18.0
66-031 A |2142 | 0AD-A1 3 8+ 796 6 | 35.0 | 62,8 | 27.8
69-051 B [3987 10GO 6 R 3 8+ 655 | 257 | 81.9 | 65.1 |=16.8
61-Alpha 1| 70 | SAMOS 2 3 1 307 6 | 97.2 | 7246 |=10.2
66-057 B |2257 | COSMOS 122 R |3+ 6 586 | 88 | 64.9 |66.3 | 1o
64052 B | 878 |MIMBUS 1 R 3+ 1 424 64 | 98,6 6947 [=11e7
71=028 B | 5118 | COSMOS 405 R | 3+ 6+ 680 66 | Ble2 | 64,6 |=16.6
67-053 B |2825 |SRCAL | 3+7 919 b | 69.9 |60.9 | =9.0
65-106 B | 1844 |COSMOS 100 R | 3+ 7+ 629 14 | 65.0 [ 65.5 | 0.5
65-027 A | 1314 | SNAPSHOT 3+ 7+ |6 6 | 1296 22 | 90,3 | 5642 |=33.5.
69-018 C |3771 |APOLLO 9 LMA |3+ 7+ 2748 12524 | 28,9 | 4%.3 | 15.4
72-106 A |6328 | COSMOS 542 b 4 | 582 58 | 81.2 | 664 |~1448
70066 A | 4503 L W+ |4 4 | B21 | 5 | 7H9 | 69.7 | =5.2
70-064 B | 4498 | CosMOS 358 R [4+7+|b & | 490 18 | 74,0 |68.2 | =5.8
69-029 B (3836 |METER 1R - |U+d+ (& b | (651) | (23) | 81,1 | 65.1 |=16.0
60-ZETA 1 | 0043 |MIDAS 2 4 s 320 2 | 33.0 | 72,2 | 29.2
72-088 B |6273 | COSMOS 536 R b 5 | 522 28 | 74,0 57.6 <6l
72-053 B | 6098 | COSMOS 500 R b _5 516 2 | 74,0 | 67.7 | =643 42




Table I. Continued

CINDNL CAT. NAME | RANGE OF | MEAN| AH | & | 5 Jlia-1
DESIG. NO. APPIRENT M, | H (X} # Ko o
Ref MC[Ref W
70-019 B | 4350 | METEOR 3 R b 5+ |4 5 | 574 [112 | 81,4 | 6646 | <145
69-021 A | 3775 | Coskos 269 |4 5+ W8 | 5 | 740 |68.7 | -5.3
67-039 B | 2763 | cosxos 156 R |4+ 4+ |4 5 | 605 | 74 | 811 |66.0 | -15.9
71-050 B | 5254 | COSMOS 425 R 4 5 | 512 | 28 | 74,0 |67.8 | =6.2
65-053 B | 1442 | COSMOS 72 L 5 | 493 | 20 | 56,0 | 68,2 | 12,2
20-113 B | 4814 | COSMOS 389 R |4+ 9 |4 5 {663 | 62 | 81.1 |64.9 | =16.2
63-053 A 714 | EXPLORRR 19 b s5+|4 6 [1295 | 539 78,7 | 56.2 | =22,5
73003 B | 6344 | COSMOS 544 R b 6 | 520 | 23 | 70 | 67.6 | =bo
68-090 A | 3503 | COSMOS 248 U+ 7 |4 7 | 466 | 62 | 62,2 |68.7 6.5
66=057 A | 2254 | COSNOS 122 bt 6+|5 5 | 598 | 32 | 649 |66.2 1.3
74-028 A | 5117 | COSMOS 405 4 7 |5 5 | 676 2 | 81.2 | 6he7 | =16.5
71=010 B | 4923 | COSMOS 394 R |4 7+|5 5 |58 | 33 | 65.8 | 6644 0.6
7M-031 B | 5143 | METR 8R |4 8 |5 6 | 627 | 77 | 81.2 | 65.6 |-15.6
70-111 A | 4806 | COSMDS 387 b+7 15 6 | 514 L | 73,9 |67.7 | =542
68-049 B | 3283 | COSMOS 226 R (4 5 |6 6 | 604 | 84 | 81,2 |66.0 |a15.2
68-040 B | 3230 | COSMOS 220 R |4 6+|6 7 | 712 | 40 | 74.0 |6ket | =9.9
68-019 B | 3151 | COSKOS 206 R |4 6 - 614 | 80 | 81,2 |65.8 |«15.4
69-107 A | 4273 | COSMOS 315 4 6 484 9 | 74,0 |68k | 5.6
67-018 B | 2696 | COSMOS 144 R |4 6+ 589 | 80 | B1,2 | 66.3 |~14.9
67-116 A | 3047 | COSMOS 192 4 6+ 746 5 | 74.0 |63.5 |=10.5
74-111 B | 5685 | COSMOS 465 R |4 6+ 1986 | 16 | 7.0 | 60,0 | 14,0
70-085 B | 4584 | METEGR 6 R 4 6+ 638 | 89 | 81.2 | 65.4 |=15.8
70-087 A | 4590 | COSMOS 373 b 7 486 | 127 | 62.9 | 68.3 5.4
71=031 A | 5142 | METECR 8 4 7 617 | 12 | 81,2 | 65.8 |=15.4
70-028 B | 4370 | COSMOS 332 R |4 7+ 751 | 13 | 7%.0 |63.5 |-10.5
69-084 B | 4120 | METEOR 2R |4 7+ 0 | 24 | 8 o2 |65.3 | =15.9
66-031 B | 2144 | 0AO 1 R 4 8+ 790 9 62,8 | 27.8

43



Table I. Continued
ML | caT. NAME RANGEOF | MEAN| AE | 1 | a |a-t
DESIG. NO. : APPARENT M, | H (En) % Km
Ref.}M® [Ref W v

70-108 B | 4800 | COSMOS 385 R | 4 8+ 976 6 74,0 | 60,1 | =13.9
68-106 B | 3577 | COSM0S 256 R | 4 9+ 194 | 25 74,0 | 57.4 16,6
64-076 C | 933 | EXPLCRER 24+ R | & 17 1491 | 959 81.3 | 541 | =27.2
65-014 B | 1098 | COSMOS 58 R L 7 580 74 65.0 | 66.4 fo 4
69-091 B | 4139 | COSHOS 304 R 4 1 742 12 74,0 | 63,6 | «10.4
67-116 B | 3048 | COSMOS 192 R | L+ 5+ 748 | 7 | 74,0 | 63,5 | =10.5
71-013 A | 4955 | COSMOS 395 L+ 5+ 522 | 12 4.0 | 67.6 | =b6.4
71=103 A | 5628 | COSMOS 460 b+ 6 518 |- 6 74,0 | 67.7 | <643
72-005 B | 5815 | HEOS A2 R Y+ 6+ | 6 1| 652 |34 8947 | 6541 | =2U.6
65-106 A | 1843 | COSMOS 100 4+ 6+ 635 | 88 65.0 | 65.4 0.4
70-019 A | 4349 | METECR 3 b+ 6+ 568 | 42 81.1 | 66.7 | =144
71-003 A | 4849 | METECR 7 L+ 6+ 640 | 14 | 81,2 | 65.3 | =15.9
§7.045 B | 2802 | COSMOS 458 R | ke 7 786 | 58 74O | 6245 [ =1ted
69051 A | 3986 | 0GO 6 4+ 7+ 646 | 260 81.9 | 65.2 | =16.7
71-003 B | 4850 | METECR 7 R 4+ 7+ | 647 | 83 812 | 65.2 | =16.0
70-086 B | 4589 | COSMOS 372 R L+ 8 790 16 74,0 | 62,8 | =11.2
70-047 B | 4420 | METEGR 5 R b+8 |5 7187 | 55 81.2 | 61.7 | =19.5
66-025 B | 2122 | OV1 5 L+ 9+ 1021 | 35 | 144.6 | 59.5 | 2U.1
68-066 A | 3337 | EXPLORER 39 ~ |5 6+ |5 5 (1468 | 744 80.7 | 54l | =26.3
70-083 B | 4579 | COSMOS 371 R |5 8+ |5 5| 748 | 10 74,0 | 63s5 | =10.5
71-054 A | 5285 | OPS 3850 5 5| 5% | 15 90,2 | 66.9 | =22.9
72-058 B | 6127 | ERTS 1 R 5 5| 772 (137 98,k | 6341 | «18.5
71-114 B | 5707 | COSMDS 468 R 5 5| 79% | 20 %,0 | 62.8 | =11.2
72-106 B | 6329 | COSMOS 542 R |5 5|58 | 75 | 81.2 | 66.4 | -14.8
71=059 B | 5328 | METECR 9 R 5 5] 636 | 81 81,2 | 65.4 | =15.8
74=114 A | 5705 | COSMOS 468 5+ 6 5 5] 796 | 12 4.0 | 62.8 | -11.2
70-034 B | 4392 | GONA 1 R 5+8 |5 511362 |930 68.4 | 55.5 | =12.9
64-053 B | 877 | COSMOS 44 R 56+ (5 6| 7% | 69 65.0 | 63.7 | 1.3 4,



Table I. . Continued

INTIL cat. | NAVE RaGE CF JxEay lam ] 4 ia lia=3
. DESIG. ¥o. APPARENT M, | H (Km)| # Kn -

- Ref .M Ref. W o o o

69-029 A | 3835 | METEOR 1 5 1 |5 6| 651 |23 81.1° | 65.1° | =16,0

520 | 17 | 74.0 | 67.6 | 6.4
1454 3 101.7 | 54.5 | =23.8

722053 A | 6057 | COSMOS 500 5 6
57

72-074 B | 6207 | COSMOS 521 R 5 71 988 | 2 | 65.8 |60.0 | =5.8
57
57

72082 A | 6235 | NOAA=2

72-083 A | 6272 | COSMOS 536 528 20 74,0 | 67.4 -6.6

73-015 B | 6393 | METECR 14 R 888 43 81.2 | 614 | =19.8

72-065 A | 6153 | 040 3 5 6+ 7%0 | 5 | 35,0 |63.6 | 28.6
71-038 B | 5181 | COSMOS 409 R |5 6+ 1190 | 20 | 73.9 | 57.4 |-16.5
64=001 A | 727 | 5 6+|6 6| 921 11 69.9 | 60.9 «~9.0
68-070 A | 3347 | COSMGS 236 5 6+|6 6 | 59 17 56,0 | 6642 10,2
71=035 B | 5175 | cOSMOS 4LO? R |5 8+ 800 | 23 | 74.0 | 62.7 |<11.3
71-120 B | 5732 | METZCR 10R - |5 8+ 886" | 44 81,2 | 61l | =19.8
71-041 J | 5218 | COSMOS 411+R |5 11+ 1539 | 52 7He0 | 5347 | =20.3
64063 A | 893 15 1 | 1056 | 20 89;8 59.5 =211
67-108 A | 3021 | COSMOS 189 s+6+| 6 6 | &62 | 13 73¢9 | 688 | =51

68-023 A | 3158 | COSMOS 209 s+9+1 6 6| 908 | 33 65.3 | 61e1 | =lte2
72-009 B | 5847 | COSMOS 475 R |5+ 1 97k | 21 74,0 | 60,2 | =13.8
71-075 A | 5466 | COSMOS 437 5+ 7+ 6 7 | 520 | 15 74,0 | 67,6 | Gk
72.058 A | 6126 | ERTS 1 135°F 518 8 |6 6| 911 8 99,0 | 61,0 | =20,0

Reference M® - extremes of observed magnitudes at altitudes above
30 degrees, courtesy of Mr. Michael McCants, Austin,
Texas, volunteer satellite observer (except magnitudes
for satellites 6633 and 6634 were observed by
R. H. Emmons, North Canton, Ohio)

Reference W - approximate magnitude ranges from available sources,
courtesy of Mr. Albert Werner, Chief, Moonwatch
Division, Smithsonian Astrophysical Observatory,
Cambridge, Massachusetts

H - Orbital Height
+ - Fainter Than A= sin—l [ R/(R+H) 1
i

- Orbital Inclination where R = earth's radius
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Usable Target Satellites - Inspection of the list of 129 brightest
satellites (Table I) reveals that 25 of these meet the essential
brightness requirement, i.e., there are 25 for which neither reference
shows a minimum brightness fainter than stellar magnitude 5. These

are collected in the following table, together with gualifying remarks.
It should be noted this!list of usable targets could be readily
extended to include additional variable satellites if a tolerable

risk were accepted that the satellite will not be at its minimal
brightness at the time of shadow entry.

Table II. Usable Target Satellites

Maximum ‘
Satellite Brightness A M Remarks
Skylab Rocket =2 4 Low Orbit
Skylab -1 4 Payload; Low Orbit
Pegasus 1 -1 6 (A - i) > + 23°
Pegasus 1 CM 3 (A - i) > + 23°
Pegasus 2 CM 4 (A - i) > + 23°
Pageos 3 Very Low Density,
High Orbit
Cosmos 151 Rocket 3 2
Cosmos 460 Rocket 3 1
Cosmos 250 Rocket 3 2
Cosmos 269 Rocket 3 2
Cosmos 330 Rocket 3 2
Cosmos 542 4 0 Payload
70-066 A 4 1 Payload, Low Orbit
Meteor 1 Rocket 4 1
Midas 2 4 1 (A - i) > + 23°,
Low Orbit
Cosmos 536 Rocket 4 1
Cosmos 500 Rocket 4 1
Cosmos 156 Rocket 4 1
Cosmos 425 Rocket 4 1
Cosmos 72 4 1 Payload
71-054 A 5 0 Payload
ERTS 1 Rocket 5 0
Cosmos 468 Rocket 5 0
Cosmos 542 Rocket 5 0
Meteor 9 Rocket 5 0
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When other than minimum brightness factors are considered, such as
avoiding low density satellites and spent rocket bodies, stable orbital
heights, and potential for grazing shadow entries, among the 25 usable
targets listed in Table II, some preference emerges for the following
five (which may themselves provide a sufficient density of observational
opportunities for a given mission):

Skylab
Cosmos 542
70-066 A
Cosmos 72
71-054 A

Special attention is called to the characteristics of the Cosmos 542
payload, which appears to qualify as the single most suitable target.

Grazing Shadow Entry - If the satellite enters the shadow of the

earth at a grazing angle, the satellite positional accuracy requirements
are relaxed, and the signal integration time may be increased without
decreasing the resolution of height at the tangent point (see the
paragraphs on Error Sensitivity below). Therefore, an investigation
was made of the conditions under which grazing entries occur.

There are three parameters which are important in determining if
grazing will occur. They are § , the declination of the sun; i ,
the inclination of the satellite; and A , the angle between the sun-
earth line and the radius vector at shadow entry, given by

A = sin—l

R/r (22)
where R 1is the radius 6f the earth and r is the radius vector. It
may be seen that the last two of these parameters are constants of

the satellite orbit which change only very slowly with time. Table IIT
gives values of a A as a function of satellite height (r - R).

Figure 19 shows the earth, its shadow, and a satellite orbit so
oriented that a grazing eclipse occurs at the northern vertex of the
orbit. It may be seen that

A = 6+ 1i (23)
or
A-1i = § (24)

If i is increased while keeping the orbit orientation the same,
there will be no shadow entry. However, a slight rotation of the node
of the orbit with respect to the sun-earth line will again produce a
grazing eclipse, but a lower latitude.

If i is decreased, however, grazing eclipse is no longer possible.
Thus, we have a necessary condition for grazing shadow entry in the
northern hemisphere:

A-1i <6 (25)
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Table TII. Error Sensitivity Parameters Relative to Orbital
Height
A TV A SIN A CGS A V CGS A
KM ~ M/SEC DEG ' M/SEC
130. 7844. 79.92 0.9846 0.1750 1373.
200. 1184, 75.84% 0.9696 0.2447 1905.
300. 7726, 12.76 0.955] 02964 2290
_ 400.  7669. 70422 0.9410 0.3384% 2595,
500. 7613. 68.02 0.9273 O« 3743 2849,
600. 1558, 66.07 0.9140 0.4057 3066.
_700. 7504, 64.30 0.9011 0.4336 3254.
~ 800. T452. 6269 0.8886  0.4588 3419,
900.  7400.  61.20 __ 0.8763 0.4317 3555, ~
1090. 7350.  59.82  0.8645 _ 0.5027 3695, ]
_1100.  730l. 58.53  0.8529  0.5221 3512.
_1200. 7253, 57.31  0.8416 0.5400 3917,
1300. 7205, 56417 0. 8307 0. 5567 4011.
1490. 7159. 55409 0.8200 0.5724 4997, ~
" 1500. 7113, 54,06 0. 8096 0.5870 4175.
1600. 70568, 53.08 0.7935 0.6007 4246, )
1700, 7024.  52.14  0.7836  0.6137 431l. o
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Similarly, consideration of Figure 20 leads to the necessary condition
for grazing entry in the southern hemisphere:

A-i < =86 (26)

The information conveyed by Equations (25) and (26) is succinctly
displayed in Figure 21. Since A - i is relatively constant for

any given satellite, a vertical line through the figure will represent
the conditions throughout the year for that satellite.

It should be borne in mind that grazing entries are obtained at the
expense of fewer total shadow entries. The satellites that exhibits
graxing entry also spend considerable time in continuous sunlight,
while those that never have a grazing entry pass into shadow on every
revolution.

NOTE: The term "hemisphere" is used somewhat loosely in the above
discussion and in Figure 21. To be strictly accurate, "northern
hemisphere" should be replaced by "latitudes greater than -8".

Expected Number of Observational Opportunities - For the 25 usable
target satellites listed in Table II, Figures 10 through 13 yield, at
a moderate 35 degrees latitude, a mean daily frequency of observable
shadow entries of 0.07. This figure projects a long-term average of
639 observational opportunities per year at a moderate site latitude.
Pageos' observable shadow entry frequency is several times greater
than the average for the others, and if it be excluded, the remaining
24 satellites would provide more than 500 observational opportunities
at this latitude, on a continuing mission basis.

By taking advantage of "bunching" of shadow entry opportunities at
various site latitudes, as suggested above, data gathering efficiency
can be markedly increased. It is expected that multisatellite shadow
entry windows will be found in each season of the year which would
yield at least four observational opportunities per day, and which
could be exploited by the mobility of the photometric observatory.

As can be seen from the curves presented previously (Figures 10
through 13) there may be a considerable potential for increasing
observational opportunities by judiciously matching site latitudes

to the satellites being observed at different periods in the specific
mission planning. .As an example, there are substantially more
opportunities with Skylab (50°) at 40° latitude than 30 to 35°.
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FIGURE 19 Grazing Eclipse at Northern Vertex
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Southern Hemisphere Observing Aspects - Due to the principle of
geometric symmetry, there are equal counterpart opportunities for
observation in the southern hemisphere to those in the northern
hemisphere. Therefore, everything stated above applies equally to

the northern and southern hemispheres. So considering both hemispheres
theoretically doubles the total number of opportunities over those for
one hemisphere alone. However, from a single site at a given time

(one site at a time - one MOSPQO) the number would still be the same
statistical average and would not increase - - except that as the

site scheduling and moves might manage to take advantage of "bunchings"
at each or any of the sites as it occurs, the opportunities could be
pushed above the straight average number. Including both hemispheres
in this game could increase the flexibility and therefore the effec-
tiveness, of such judicious selection and planning.

For observing sites in the 30 to 40° south latitude belt, Chile offers
excellent prospects - - relatively dry, clear seeing conditions; and
with a number of good sites (at Cerro Tololo — near Santiago 35° from
the Inter-American Observatory; and further to the north the site of
the Cal Tech. Group observatory. Further north along the coast,

Peru offers some promising sites. Likewise in the northern hemisphere,
there is no reason sites in Mexico, Canada or Alaska should not be
considered whenever they offer significant advantages.)

A strong consideration in the degree of desirability of measurements
using southern hemisphere sites would be the added value of the
expanded coverage thus involved, and the opportunity it would afford
for comparing measurements for the relatively unpolluted southern
hemisphere with those being obtained for the northern hemisphere.
This would provide further insight into both global ozone conditions,
and the model of ozone activity in the atmosphere.

Satellite Position Geometry Determination

An apparently realizeable goal for ozone measurement was set at 300
meter vertical accuracy. To accomplish this by the direct method,
corresponding satellite position data would have to be obtained
through appropriate outside agencies (such as NORAD/SPADATS). Methods
by which this could be done were investigated, with favorable results.
This aspect is treated below.

Accuracy Considerations and Criteria — Definitive Orbit - Atmospheric
ozone concentrations from narrow band photometric observations of a
satellite during shadow entry are themselves of sufficient accuracy to
warrant the requirement for better than 500 meter accuracy in the
determination of their heights. Indeed, there appears no reason why
the accuracy criterion for these heights should not be set at about
300 meters, which is within the state of art for definitive orbits
established by radar. The accuracy advantage gained in projecting

the satellite's position to the plane of the earth's sunset limb is
variable (the factors generally range from 1.1 to 2.9 for usable
target satellites during normal shadow entry) and is unually not
significant.

51



The 300 meter criterion for satellite positional accuracy need not
apply throughout the orbit, but only in that orbit segment containing
the observed shadow entry. Thus precise positional observations
should be made during this segment of the orbit in order that the
criterion may be confirmed by the observational residuals.

Sources Considered and Contacted - Three possible sources for
accurate satellite position information were considered and contacted:
NASA-Goddard SFC, Smithsonian Astrophysical Observatory, and the
Fourteenth Air Force Aerospace Defense Command's Cheyenne Mountain
Facility at Ent AFB, Colorado.

Both Goddard and SAO are currently laser-tracking several satellites
which are equipped with retro-reflectors, 72-058 A, 65-089 A and
68-002 A, which yield definitive orbits of 100 meter accuracy. But
for noncooperative satellites such as our 25 bright usable targets
such high accuracy is now unattainable. For these, Baker-Nunn
observations processed by SAO's photoreduction system could provide
positional accuracies better than 200 meters whthin the observed

orbit segment. However, SAO has deactivated its precision photoreduc-
tion system and to re-establish it for a single satellite, e.g. Pageos,
for a two-month observing period would require an effort characterized
as "somewhat less than $45,000."

It appears that the positional accuracy requirement for our target
satellites can be more efficiently met by the Aerospace Defense
Command at Ent AFB. Their 1000 meter accuracy radar skin-tracking
data can be further processed by their special perturbation program to
yield positions of 300 meter accuracy at the 95 percent confidence
level. For example, they can furnish a satellite's X, Y and 2
coordinates, referred to the earth's center, and their time rates of
change, at tenth second intervals during a specified time period.

For this they need a high density of their radar observations, totaling
about 1000 in a two-week period bracketing the desired time segment.
Thirty to forty minutes of computer time are required to process

these observations by the special perturbation program. In order to
assure :that the needed 1000 radar observations will be accumulated,

a formal request for coverage of the target satellite should be
submitted to the Aerospace Defense Command (on ADC Form 360) at least
30 days in advance.

Error Sensitivities - The errors, Ah, in the height at which the
ozone concentration is measured due to errors in the position of the
satellite are given by

Ah

. = sin A ' (27)

Ar

ah =~cos A cos B (28)
rAv

Ah = cos A sin B (29)
rAy
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where Ar is the error in radius vector, rAv is the positional error
in the direction of satellite motion, rAy is the error perpendicular
to the plane of the orbit, A is the angle between the radius vector
and the sun-earth at shadow entry, and 0 is the angle between the
orbital plane and the plane containing the sun-earth line and the
radius vector.

Since the error along the orbit may be stated as a time error rather
than as a positional error, Equation (28) may be restated as

_Ah -V cos A cos 6 (30)

At

where V 1is the satellite velocity.

For a circular orbit, V and A are functions only of the satellite
height. 6, however, is dependent upon the orientation of the orbit;
for grazing shadow entry, it is equal to 90°.

Table III gives values of V, A, sin A, cos A, and V cos A as a
function of satellite height. It will be seen that V cos A is
relatively constant over a wide range of height, the increase of cos A
with height being almost compensated by the decrease in V.

Equation (30) will also give the rate of decrease in height with time,
which may be used to determine the height resolution as a function
of the integration time of the data collection system.

Results and Recommended Method - After discussing the satellite
position geometry requirements with personnel at NASA-Goddard, SAO,

and Ent AFB, the most feasible and preferred procedure is to request
and obtain, in advance, the cooperation of Ent's Aerospace Defense
Command in making the necessary positional radar observations and
subsequently providing the precise satellite positions. As described
above, a formal request should be submitted at least 30 days in advance
on ADC Form 360, to Aerospace Devense Command, Ent AFB, Fourteenth

Air Force. The precise time segments, each of the 20 seconds duration,
for which the accurate positional information is needed, can be
specified only after the photometric observations have been taken. This
will require close coordination with personnel at Ent AFB, but should
present no problem once their cooperation on the project has been
approved.

Following this procedure it is expected that the needed satellite
position geometry will be defined within 300 meters at the 95 percent
confidence level, and thus determine the height of the ozone concentra-
tion measurements to at least this same accuracy.

Finally, it should be noted that simultaneous field-crew "Moonwatch"
positional observations, while not at all competitive in accuracy,
should continue to be taken as a precaution against conceivable system
foul-ups and wild positional errors.
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Mission Planning and Preparation Data

For the specific mission planning, the ephemeris data for the useful
satellites from the list given above is obtained, and then the ob-
serving opportunities and windows determined with the proper computer
programming and graphical representations. This will permit the
juggling of sites and schedule for mission optimization with maximum
yield and fulfillment of objectives. Then the specific mission pre-
paration data is obtained as needed, and throughout the mission, using
the appropriate computer programs. The methods for doing these things
are discussed below.

Satellite Ephemeris Data Sources - The Aerospace Defense Command at
Ent AFB is also a prime source for routine orbital elements of suffi-
cient accuracy for mission planning and, when of recent epoch, for the
mission's acquisition and tracking ephemerides. These elements, dis-
tributed by SPADATS Bulletins, are generated by a general perturbation
program for each satellite when the along-orbit error of the previous
elements reaches 12 kilometers. One observer has cautioned that the
acceleration terms for these bulletin orbital elements are not always
dependable. However, these elements can still be safely used to pro-
ject orbit orientations many months ahead with sufficient accuracy for
preliminary mission planning. Clearly, the final window confirmation
and acquisition-tracking ephemerides should be based upon the latest
available SPADATS Bulletins.

Alternative sources for routine orbital elements for some of the
bright usable target satellites are NASA-Goddard and the Smithsonian
Astrophysical Observatory. For completeness, however, dependence
should be placed upon ADC at Ent AFB.

Shadow Entry Window Determination and Site Selection - It is recom-
mended that the procedure described previously be used for determining
multiple satellite shadow entry windows and optimum site latitude.
The essential conditions for specific missions are revealed by study
of graphs similar to Figure 18 above, in which shadow entry latitude
is plotted versus calendar date for all candidate target satellites.
The analyst who undertakes to interpret such graphs should understand
the significance, assessment and use of the A¢ parameter defined by
Equation (21) above. The A¢ parameter is a function of orbital
height and will generally be different for each satellite. It may be
useful to plot zones of suitable shadow entries versus calendar date,
based on the computed shadow entry latitude and + A¢ . The areas of
interest will be where these zones overlap.

A shadow entry latitude program which inputs actual orbital elements
should be written to furnish the information for the above graph.

The Smithsonian's geocentric "Ephemeris VI" program would suffice, but
a more appropriate and efficient version is recommended, which would
include instantaneous sunset latitude and A¢ as outputs.

The specific mission dates and site must finally be confirmed and
defined by analysis of conventional topocentric ephemerides. Deter-
mination of the four-axis acquisition settings and ephemerides should
await such mission confirmation, and should be based on the latest
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available orbital elements. It is suggested that the present four-
axis prediction program should be modified to further improve the fit
of the tracking small circle to the actual satellite path in the
vicinity of shadow entry.

As in previous photometric missions, up-dated four-axis and conven-

tional predictions must be communicated to the field crew on a con-
tinuing basis throughout the mission.

EQUIPMENT MODIFICATION AND IMPROVEMENT

Introduction
In order to meet the requirements and objectives developed in the pre-
ceding sections, and particularly to acquire and process the large
number of measurements needed and indicated to be practical if satel-
lites to fifth magnitude can be used, it is essential that the equip-
ment be modified so that
(1) Simultaneous photometry in four narrow bands is possible

(2) Sensitivity and signal to noise capability is adequate
for measurement with fifth magnitude satellite

(3) Recorded data is compatible with computer data reducing
and processing to permit obtaining fast, accurate, low-
cost results from these measurements

Such modification requirements and recommendations are treated in
this section.

The modifications required to provide these capabilities, and recom-
mended so that maximum effectiveness can be obtained, include the
following:

(1) Added beam splitter to allow four channel operation

(2) Upgraded photomultiplier sensor installation

(3) Pulse counting circuitry and equipment

(4) Autotrack system with smaller field stop

(5) Digital recording equipment (IBM compatible)
Of course, while full implementation of this to obtain full capa-
bility is recommended, a partial implementation with any of the above

steps alone would yield a corresponding return, and could be sep-
arately considered. In each area there were a number of alternatives
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and tradeoffs available for consideration, and the one selected and
recommended represents that which seemed clearly superior or optimum
in terms of capability versus cost. Perhaps the outstanding examples
are the automatic tracker and digital recording. With the tracker
selected, a substantially greater capability was obtained for a
relatively modest cost difference (see trade-off curves presented),
and with the digital recording substantially improved and less

costly data processing is obtained for a relatively modest investment.
However, the factors to enable NASA to decide for themselves are
presented.

Adding Four Channel Capability

To bring the light from the satellite into all four channels simul-
taneously, a simple beamsplitter assembly like that shown between the
Fabry lens and the existing beamsplitter in Figure 23B would be needed.
The two mirrors would be half reflecting and hinge mounted, so that
they can be swung out of the way manually as shown from outside the
unit for dual channel sky differencing operations as at present. The
control console would have to be modified to add the two channels of
data and galvanometers would have to be added to the oscillograph.

Improving Signal to Noise Ratio

The major limitation to accuracy and magnitude reach of the narrow
band light measurements encountered in satellite eclipse photometry
with the NASA MObile Satellite Photometric Observatory (MOSPO) in the
past has been due to the excessive noise content in the signal. The
five noise sources considered in this study are as follows:

(1) Photomultiplier (PM) shot noise, or noise in signal

(2) Photomultiplier dark noise, or noise in the absence of
signal

(3) Leakage current noise

(4) Preamplifier input current noise

(5) Sky background noise
The calculated standard deviation in the number of photoelectron
events caused by some of these noise sources are presented in Fig-
ure 22. The calculations assume the present MOSPO configuration w1th

a narrow band filter at 7000 A with a one-half point bandwidth of 18 A
and are documented in Appendix B.

56



Shot Noise - As can be seen from Figure 22 in the region of usable
signal-to-noise ratio, the dominant noise contribution is from the
photomultiplier shot noise. This noise arises from the random nature
of the photoelectron emission process and causes a standard deviation
on the number of events, n, per integration time of Vm. For example,
for n equal 100 the standard deviation equals 10 or 10 percent of the
signal. Therefore, at source magnitude of 5.9 the shot noise limits
the accuracy of the system to 10 percent.

Integration Time Considerations - One way to reduce the shot noise
limitation is to increase the integration time of the system. How-
ever, it has been determined that to obtain adequate resolution of
ozone altitude (+250 to 300 m), it will be required to take data points
at 1/20th of a second intervals during eclipse (see preceding section)
thus fixing the maximum integration time. The equivalent integration
time of the existing system is shorter than 1/20th of a second; so
there is theoretical potential for improvement in signal-to-noise
ratio by increasing the integration time to 1/20th second. However,
since during the data reduction process the data is smoothed, averaged
or integrated, the theoretical improvement available is reduced de-
pending on the "integration time" of the person taking the readings.

Photomultiplier Survey - The second most obvious method to reduce
the accuracy limitation due to shot noise is to increase the rate

of photoelectron emission from the photomultiplier cathode. This may
be done by choosing a photomultiplier with higher quantum efficiency
in the wavelengths of interest assuming the relative contribution of
dark noise stays constant. The photomultipliers considered in this
study are listed in Table IV. The RCA C31034A-02 is recommended in
view of the fact that its photoelectron yield is a factor of 5.2
greater than the existing EMI 9558QA at 7000 A. A 10 percent accuracy
limitation would then be extended down to a 7.7 magnitude source as
compared to a 5.9 magnitude source for the EMI 9558QA.

Changing to the C31034A-02 requires a change in the instrument head
optics since the active photocathode area is 4 mm x 10 mm as opposed
to the existing photomultipliers which have an active area of ap-
proximately 5 cm diameter. The photomultiplier housing socket as-
sembly must also be changed to accept the RCA tube. The UBVRI band
filter responses will have to be recalculated in view of the new
photomultiplier response in order to match the standard Johnson

UBVRI system. Some of the filters will probably then require replace-
ment.

Optics Modification - 1In order to obtain these improvements, it is
necessary to make the corresponding changes to the optics within the
photometer instrument head. The changes to accommodate the small
photocathode area of the RCA C31034A-02 tube are shown in Figure 23,
involving changing the focal length of the Fabry lenses (to a 40 mm
F 1.9 lens) and adding a new collector lens (45 mm F 1.4) as shown
for each photomultiplier. The optical path, by which a small 2 mm
image of the primary mirror is focused on the photocathode, is shown
in Figure 23A, and the corresponding lens installation is shown in
Figure 23B. The new lenses are supported in a bracket mounted to the
frame.
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The ITT FW 130 photomultiplier (see Figure 24) was closely analyzed as
a possible candidate to improve system sensitivity in view of the many
recommendations from people at Palomar. It has a much superior dark
count rate which accordingly produces much less dark noise than the
C31034A-02 (see Figure 25). For long integration times (many hours

at Palomar) dark noise sets the limiting accuracy of their system,
thus their choice of the FW130 allows them to work to fainter light
levels in reasonable integration times. However, for the short inte-
gration times, which are mandatory in the measurement of satellite
eclipse (approximately 0.05 seconds), photomultiplier shot noise is
the major limitation to system accuracy at low light levels. Thus

the much higher quantum efficiency of the RCA C31034A-02 (26 percent
at ‘7000 A) produces a clearly defined advantage for the C31034A-02.
For a standard deviation of 10 percent of the number of signal events,
the FW130 allows measurement down to 5th magnitude, whereas the
C31034A-02 allows measurement down to 7.7 magnitude.

Cost Effectiveness - Changing to the RCA C31034A-02 photomultiplier
should theoretically allow measurement of sources 1.8 magnitudes
fainter than the present system, thus doubling the number of available
satellites, whereas the estimated cost level for this change is
approximately 15K.

Dark Noise - As can be seen from Figures 22, 24 and 25, photo-
multiplier dark noise or noise in the absence of signal is not a
major limiting factor since it is much less than PM shot noise. This
is true for the existing system and with the recommended C31034A if
the -02 version is specified which guarantees a dark count rate of
10 counts per second at -20°C.

Leakage Current Noise - Leakage current noise cannot be calculated
because of i1its unpredictable nature. Contaminants and moisture around
the PM base socket, and preamp input are the causes of leakage cur-
rent noise. It is possible that this may be a significant contributor
to the system noise. (Reference 29, page 148). Using the present
analog photometer system, the only way to minimize leakage currents

is to keep the PM tube base, socket, preamp and its socket immacu-
lately clean. A better way to remove the effects of leakage current
noise is to change the photometer circuitry from analog to a pulse
counting system.

Pulse Counting Techniques - The anode current of the photomultiplier
at very low light levels is not a continuous function but rather is
composed of discrete, relatively large amplitude, short duration

(4 50 nanosecond) pulses as compared to the average current level.
Leakage current noise, on the other hand, is a relatively low level,
slowly varying phenomena. Therefore, a pulse counting circuit ad-
justed to count pulses whose amplitude is greater than a threshold
value which is above the majority of the leakage noise peaks will
effectively discriminate against leakage current noise. A block
diagram of an amplifier/discriminator used to condition the photo-
multiplier output for pulse counting is shown in Figure 26.
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Noise & Signal Contributions to
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TABLE 1IV. PHOTOMULTIPLIER SURVEY
DARK
. ., QE COUNT
MANUFACTURER TYPE @ 7000A @ 6000A MAX RATE @ -10°C SENSITIVITY COST COMMENTS
EMI 9558QA 5% 9% 22% 80 cts/sec 200A/1m - presently
installed
RCA C31034A 26% 30% 48% 45 cts/sec 400A/1m $1100 4mm x 10mm
cathode
-01 26% 30% 48% 300 cts/sec 400A/1m $1200 dark ct.
guaranteed
-02 26% 30% 48% 30 cts/sec 400A/1m $1300 dark ct.
guaranteed
RCA C31034 12% - 13% 21% 45 cts/sec 300A/1m $ 395 4mm x 10mm
cathode
-01 12% 13% 21% 300 cts/sec 300A/1m S 495 dark ct.
guaranteed
-02 12% 13% 21% 30 cts/sec 300A/1m $ 595 dark ct.
guaranteed
ITT FW130 2.5% 7.5% 20% 3 cts/sec 800A/1m 2.5mm dia.
cathode
ITT F4075 3% 7.5%  11% (ENI 1x10-13, 200A/1m 2cm dia.
Im cathode
Centronic Q4283R 3% 8% 22% (ENI 8x10'l4) 200A/1lm S 5990 3.6cm cath dia-
1m plug-in equiv to
9558QA
ENI 98178 3% 7% 23% (ENI 3.1x10713) 200a/1m fast linear
Lm focused
Schlumberger 541R-01-14 4% 10% (ENI 3.8x10‘l4) 225A/1m 25mm dia cath-
1m potted &
ruggedized
Schlumberger 543E-01-14 2.8% 8.5% (ENI 1.1x10713) 150a/1m 43mm cathode
im dia-ruggedized
RCA PF 1011 4,5% 7.5% 9% 35 cts/sec 2200A/1m high gain

first dynode
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The photomultiplier anode is terminated in a low resistance Ry, usually
504t , and capacitively coupled to a high speed pulse amplifier. The
capacitance, C, is chosen to effectively block the lower frequency
components which comprise much of the leakage current noise energy. The
relatively high amplitude, short duration pulses are amplified by the
pulse amplifier. Those pulses which are greater than the threshold
value produce a uniform amplitude pulse at the high speed comparator
output. The threshold is adjusted to discriminate against the ma-
jority of the noise peaks. By feeding the uniform amplitude and width
pulses into gated counters, a precise digital representation of the
pulse rate, i.e., intensity, is available for direct digital re-
cording. The resolution of pulse rate is down to the level of one
photoelectric event at the photocathode. By this method, the human
errors resulting from measurements on the oscillograph records during
data reduction are completely eliminated and amplifier gain steps to
improve resolution are no longer required. Pulse counting removes

the amplitude variation of the photomultiplier output pulses which,

in the analog system, would be contributing to system noise.

The amplifier/discriminators required for pulse counting are com-
mercially available from several companies. The largest unit, phy-
sically, of those surveyed was 31.75 cm x 3.18 cm x 6.4 cm and
weighed 793 grams. Therefore, it is anticipated that the four re-
quired units could be mounted in the same area as was the Electronic
Assembly 369N100-101 (yoke) on the telescope.

Dynamic Range Considerations - The one significant limitation to this
technique is pulse pile-up at high light levels. For narrow band
photometry, this is not a problem. When the pulse rate exceeds =~ 10
pulses/second, the output of the pulse amplifier, discriminator will
start to show nonlinear effects because of the finite width of the
pulses. This corresponds to a -0.3 magnitude source with the existing
narrow band system. However, an upper limit of anode current of

10 x 10-6 amps is recommended for the 9558QA photomultiplier on the
basis of stability and long life considerations. This corresponds

to a source magnitude of -4.1 magnitude in the existing narrow band
system. The calculations are as follows:

Pulse Pile-up 9558QA at 6000 &

pulse rate 106 13
I = 19 = = 1.6 x 107 amp
cath 0.625 x 10 0.625 x 1012

0.6 x 10~% x 0.09 x 10°

Se = = 0.436 amp/watt
1.2395
1.6 x 10713 1s
W = = 3.64 x 10 watts
0.044
-11.57-1log W -11.57+11.44 -0.13
M = = = = -0.3 mag
0.4 0.4 0.4
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Maximum Exposure 9558QA at 6000 a

10 x 1076
Icath = ——— =0.5 x 10711 amp
max 2 x 100
0.5 x 10”11 1o
W = =1.14 x 10~ watts
0.044 .
11.57 -+ 9.94 -1.63
M - = = -4,]1 mag
0.4 0.4
Ianode = Icath X G

(G = PM gain)

Ave Pulse Rate = I .} X 0.625 x 1012 (pulses per second)

Icath = Sg x W

Se = absolute sensitivity of cathode in amps/watt
at the wavelength of the radiation

W = radiant power received by the photocathode in
watts

log W = -11.57 - 0.4M
-11.57 - log W

M = (in magnitudes)
0.4

Pulse Pile-up for C31034A occurs when the average pulse rate equals
106 pps. Therefore

106pps = I pp X 0.625 x 1019
and
1.6 x 10713
Icath = 1.6 x 10713 amp and:w = = 1.1x10712 watts
0.146
and
-11.57 + 11.96
M = = +40.98 mag

0.4
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Maximum Exposure for C31034A based on 1 x 106 amps max anode current:

1 x 10-° amps 13
I = = 25 x 10~ amp
th
ca 4 x 10° gain

25 x 1013
W = = 1.71 x 10~11 yatts
0.146
-11.57 + 10.77 -0.8
M = = = -2 mag.
0.4 0.4

Thus pulse counting for the existing system would reduce the maximum
allowable source intensity by about 3.8 magnitudes. In the recommended
system, using the C31034A-02 photomultiplier, pulse pile~up begins to
show effect at about first magnitude in narrow band. Considering a 10
percent loss for auto track, and a conservative upper pulse rate
limit, attenuation of the signal in narrow band will probably not be
required for sources up to zero magnitude. However, when using UBVRI
photometry, sources brighter than fifth magnitude will require atten-
uation or means for switching to analog signal conditioning would be
required in order to circumvent pulse pile-up. A dual system which
would be switchable from pulse counting to analog seems to require

an excessive amount of instrumentation in view of the limited space
on board and in view of the large amount of complex electronic equip-
ment which already causes maintenance and calibration problems. Also,
the dual system requires switching at the photomultiplier output
which is the most critical area in the system. Therefore, for
standard UBVRI measurements, it is recommended that neutral density
optical filters be made available for insertion into the light paths
whenever the pulse rate exceeds 106 pps. The estimated source mag-
nitudes producing this pulse rate are listed in Table V. The attenua-
tion step size is recommended to be 2.5 magnitudes based on main-
taining a maximum probable measurement error of 1 percent due to shot
noise. The additional advantage to optical attenuation is the simul-
taneous capability of protecting the photomultiplier from over ex-
posure.

For a count interval of 0.1 seconds, this would be a pulse rate of

10° 1
100,000 pps. Thus the attenuation step size is — or —— or 2.5
magnitudes. 106 10
Optical Attenuators - There are many methods of implementing the

neutral density optical attenuators. For maximum system flexibility,
accuracy and operator convenience, it is recommended that two inde-
pendent, solenoid actuated, neutral density filters per photomulti-
plier be designed and installed behind the filter wheel assembly of
the photometer head. This concept is shown in Figure 27. One of the
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optical attenuators (neutral density filters) should correspond to
about 2.5 magnitude attenuation and the other should correspond to
about five magnitudes of attenuation. Thus, four values of attenua-
tion can be selected 0, 2.5, 5, and 7.5 magnitudes by varying the
combinations of the optical attenuators inserted in the light path.
This will allow pulse counting measurements up to a source magnitude
of -2 in standard V band.

Controls for the optical attenuators must be added to the system.
A block diagram of the optical attenuator control circuit for one
of the four photomultipliers is shown in Figure 28.

Table V. Attenuation Requirements to Avoid Pulse Pile-Up
(See Appendix C for Calculations)

6 4 Total
107 PPS Attenuation Steps
Maximum Pulse ' Required for Required
Mode Exposure Pile-up -2 Mag Source (2.5 mag)
Continuous NB (4) -2.75 0.25 2.25 1
(nondiff) ’
Continuous NB (2) -2.0 1.0 3.25 2
(diff)
Std U Band 0.8 3.8 5.8 | 3
(difg) ' '
Std. B Band S 2.17 5.17 7.17 _ 3
(diff) '
Std. V Band 2.45 5.45 7.45 3
(diff)
Std. R Band 3.0 6.0 8.0 4
(diff) '
Sté. I Band -0.2 2.8 4.3 2
(diff)
NOTE: Attenuation step size was determined based on error contribution
due to shot noise not exceeding 1%. Thus vn = 100
where n = number of events per count interval = 10,000

It is desirable to design the attenuators such that under conditions of
no power applied that both attenuators are in the light path. This will
afford protection against accidental overexposure of the photo multipliers.
It is recommended that provisions be made for monitoring any one of the four
amplifier/discriminator outputs with the oscilloscope to ensure pulse pile-up
is not occurring.
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The advantages and disadvantages of pulse counting may be summar-
ized as follows:

Advantages

(1) Discriminates against leakage current noise and photo-
multiplier non-photo~induced secondary emission.

(2) Allows maximum resolution of light level down to one
photoelectron at the photocathode without gain steps
being required.

(3) Allows precise control of integration time with low
complexity digital circuitry.

(4) Eliminates the need for A to D converters when inter-
facing with a direct digital tape recording installation.

Disadvantage

(1) Maximum light level permitted to expose the photo-
multiplier is reduced due to pulse pile up considera-
tions.

It is very difficult to precisely predict the actual amount of sig-
nal-to-noise ratio improvement for pulse counting. However, the
indication from Palomar is that the required integration time for the
same statistical accuracy has been reduced by a factor of two since
changing to pulse counting and Baum (Reference 29, Page 31) indi-
cates an estimated improvement which correlates with an increase in
quantum efficiency by a factor of 1.5.
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Intuitively, since pulse counting normalizes the current pulse
heights, it removes that component of noise arising from the ampli-
tude modulation of the pulses. The only remaining noise producing
mechanism is the random spacing of the pulses. If these two noise
producing mechanisms were of equal importance then removal of one
of the sources would reduce the noise by a factor of 1.4 since the
total noise is the square root of the sum of the squares of the
noises. Therefore, it is expected that pulse counting should allow
for usable observations of sources which are about 0.4 magnitudes
fainter than could be observed with the conventional analog system.
The estimated cost level for changing to pulse counting is $15K.

Preamplifier Input Current Noise - Investigation of the effect of
preamplifier input current noise for the present system has indi-
cated an insignificant level as compared to photomultiplier shot
noise. As calculated for the Analog Devices 301 Amplifier, the
standard deviation in the measurements due to this noise source was
0.015 events per system integration time of 0.05 seconds. This level
was not plotted on Figure 22 since it is much less than the other
noise sources. The calculations are in Appendix B.

Sky Background Noise - Light from the sky background varies as the
square of the field stop diameter. This light causes a noise-in-
signal component in the same manner as the light from the source
being measured. The noise produced therefore varies with the
square root of the number of sky background events or, corres-
pondingly, varies directly with the field stop diameter.

Sky brightness varies with nearness to the horizon, milky way,
ecliptic, anti-sun, or any noctilucent clouds. It is very much
increased in twilight, moonlight or near city lights depending on
the scattering coefficient. One square second of dark night sky at
zenith has been estimated to be equivalent to a source magnitude of
+21.5. However, considering that most observations will not be

made at zenith and that many of the other sky brightening effects
will be present, a more conservative estimate of sky brightness
equivalent to +18.5 magnitude per square second of arc has been used
and plotted on Figures -22, 24, and 25. From Figure 22, it can be
seen that sky background noise is not a major contributor to the
noise problem at usable signal to noise ratios with a 1' (one minute)
field stop. However, for a 2’ (two minute) field stop the sky noise
level would be four times as large and therefore is a major con-
tributor to the noise problem. For the four-minute field stop, sky
noise is contributing 50 percent of the total noise where the sig-
nal to noise ratio is 10. If an auto track system could be provided
which would permit the use of a 30" field stop then sources whose
brightness was 0.7 magnitude fainter could be observed with the

same signal to noise ratio (evaluated for signal to noise ratio

of 10). Eclipse photometry by virtue of the typically short dura-
tion (30 seconds) of usable data, makes it imperative that loss of
track must not occur because of the relatively long reacgquisition
time. It is therefore recommended that an automatic tracking sys-
tem be incorporated into the MOSPO.
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Auto Track - The recommended auto track concept utilizes the

existing telescope servo driyve system. A 10 percent reflecting
45-degree mirror would be placed in the main light path to direct

10 percent of the light to the auto track system. The auto track
would be required to provide a usable error signal to the existing
servo drive for sources down to eighth magnitude. Thus, a nominal
fifth magnitude source could be tracked into eclipse over a three
magnitude range.If extensive use of the system in the polarimetric mode
is anticipated, the polarization effects of the proposed 45-degree
mirror for the auto track should be thoroughly investigated and
resolved since the limited scope of this study did not permit a
detailed analysis of the polarization effects of the additional optics.

The 10 percent reflecting mirror and a focusing lens would be mounted
on a counterpart assembly to the currently provided monitor eyepiece
‘assembly as indicated in Figure 23B. The tracker sensor unit would
also be mounted on this new assembly at the same location as the
eyepiece on the current assembly. Electrical signal leads from this
unit would be run to the control rack in the instrument room for tie-in
to the servo system. Tracker sensor units have been proposed by
Schlumberger, Kollsman, and DBA, Inc. representing respectively
increasing price and performance, as shown in Figure 29. This
represents the tradeoff that will have to be considered in deciding

; O P correlatroﬁ”zf;“

BOS0H e e e ~~r~“-f§§ziﬁumLRégion%‘

For < 1 sec time constant

| 49 B 2 arc min acquisition field é“"”'“‘“ ”{ o
i : ~ 15 sec tracking accuracy DBA-
; 304 B .
.t~ - - Image Dissector e
C20b |

™ = — e ‘Kollsman

Schlumberger (Quadfant PM):

p : By 1 e — .
Thth 5th 6th 7th 8th 9th 10th

Approﬁkmate Cost - $§ Thousands

Tracking Capability, Steller Magnitude (Using 10% of
Incomlng Light From 6lcm Objective)

FIGURE 29 Cost Effectiveness Curve - Autotrack System Tracker Unit

which meets the objective, though GAC tentatively recommends the DBA
Isocon TV centroid tracker approach. An analysis of both the Isocon
and image dissector approaches, performed by DBA, is given in Appendix
Using the DBA recommended auto track system, it whould be possible to
use a l5-arc second aperature for the detection system with a 2-arc
minute acquisition field on the auto track system.
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Several companies which manufacture star trackers have been contacted
as well as some individuals for inputs concerning possible auto track *
techniques. -

Ed Tyson of the Cloudcroft Observatory was contacted and recommended
DBA Systems of Melbourne, Florida. GAC preliminary evaluation indicates
that a correlatron version would be feasible.

C. L. Rogers, consultant, has an approach to auto track (shown in
Appendix E.).

Inputs received are given below along with an approximate cost range.

Nutation with Quadrature Oscillator ($5 to 10K). The cost is attractive.
The frequency of nutation must be kept low, i.e., approximately 0.25 Hz
to stay within the servo bandpass. This means that error information

is only obtained once every 4 seconds. This would not be ddequate for

a low error tracking system.

A possible improvement would be to nutate only the light beam with a
wobble mirror. A higher nutation frequency of 30 to 60 Hz could be
obtained in this manner.

Maximum potential tracking accuracy for this system must still be
determined. (See Appendix E.)

Schlumberger ($10 to 15K). This system utilizes a photomultiplier

tube whose active surface is divided into four quadrants. Positional
error is determined by algebraic summation of the light values received
on each quadrant. This technique is analogous to a monopulse auto
track radar.

Kollsman ($20 to 25K). The Kollsman system utilizes an image dissector
and provides a tracking accuracy of 0.25 to 0.5 seconds of arc. A
nine-month delivery time is anticipated.

DBA Systems ($35 to 40K). This system utilizes an image-isocon/TV
display. Probable system parameters are 2 minute acquisition with 1
or 2 TV lines of tracking accuracy to yield 0.5 second of arc tracking
accuracy. Advantages are ease of boresighting and acquisition because
of the TV display of the main telescope video. (See Appendices D

and F.)

Correlatron System ($50 to 75K). Goodyear Aerospace could develop a
correlatron or similar type system to suit the requirements of the
proposed system.

ITT work in this area was also investigated, but they did not have
available hardware for this purpose.

Over-all performance and lower cost will probably be obtainable by

purchasing an auto track system from a manufacturer rather than
developing such an item from scratch, and is therefore recommended.
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Among the manufacturers listed, accuracy seems inherent and is Cay
therefore not a tradeoff item versus cost. However, reliability,
maintainability, ease of operation, compatibility with existing
installation, and inherent magnitude sensitivities will have to be
compared to determine the optimum approach. The DBA system is favored.

For reference purposes Figure 30 shows a block diagram of the present
polar axis control system. Figure 31 shows the polar axis control
system in an auto track mode. This change of configuration can be
relay switched and presents no problems.

As shown by the inset diagram in Figure 31 the system will operate as
a Type II position loop. This means that for targets moving with
essentially constant velocity no positional error will occur from the
mount drive. Any position errors will be a result of (1) tracker
error, and (2) target acceleration.

Target acceleration errors will be on the order of 0.25 RAD per
rad/sec“ acceleration of target.

Control system stability and structural response characteristics
should remain essentially as they are now.

There are several operational features desirable in the auto track
mode which are not shown in Figure 31 but will be a part of the
modification.

(1) Bias-Operator control to adjust tracking axes, if needed,
to place target video in center of field of view.

(2) Coast-Operator control to place servo drive system in a
rate-hold mode if another light source temporarily
coincides with the target.

No significant problem areas are evident at this time.
Data Recording and Reduction

Analog Versus Digital Recording - When using pulse counting techniques
it is possible to convert the pulse rate into an analog voltage which
could in turn be recorded by the existing oscillograph and backup FM
recorder. However, in view of the magnitude of the data reduction
effort required when recording on the oscillograph, it is recommended
that the data pulse rates be appropriately formatted and digitally
recorded. This will allow a much more direct route to the computer
while eliminating the possibility for human error in the data reduction
process. It has been estimated that on the average, two minutes per
data point is required to reduce data from the oscillograph record.

For 229 meter of altitude resolution at the sunset point, 160 points
would be required for each eclipse excluding calibration points for
120,000 feet. Thus each eclipse would require 320 minutes or 5 1/3
hours of data reduction time before reaching the computer. With a
properly formatted and controlled digital data recording system, it is
estimated that this time could be effectively reduced to 1/10 of the
manual reduction time. A block diagram of the digital data formatting
system concept is shown in Figure 32. One possible data format is shown
in Table VI.: '
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Digital Recording Concept - The basic concept is to record the

data in an IBM compatible format with a synchronous digital, 8-bit
plus parity, tape recorder. The oscillograph would be used as a

real time monitor for data and as a backup recording of the data.

The existing FM tape recorder would not be used. The formatter would
consist of a format counter, decorder, storage registers and pulse
counters. The decoder sequencially directs the storage registers to
feed data to the tape recorder input via the multiplexer. The format
counter advances at each "red" strobe sent by the tape recorder thus
addressing the next data byte. The pulse counters integrate the
photoelectron pulses over an integration time interval controlled by
one of the time code generator's outputs. Anticoincidence logic is
required to prevent count ambiguities from arising from a pulse count
occurring during transfer of data from the counters into the storage
registers. The auxiliary data itmes of half-wave plate and filter
wavelength require analog to digital conversion since they are
presently coded into voltage levels.

Time Recording Requirements - It is recommended that a time code
generator be installed which gives day of year, hour day, minutes,
seconds, and milliseconds with parallel BCD outputs and which can be
manually synchronized with WWV to within one millisecond. Accurate
determination of the altitude of the light path through the upper
atmosphere requires precise correlation of the universal time with
signal level. The stability of the time code generator should be

such that error buildup from initial sync with WWV would be less than
one millisecond per hour. With this stability, synchronization with
WWV would only be required once for each nightly observation period.

The typical rate of change of altitude at the sunset point is 4.6 meters
per millisecond so one millisecond of error is insignificant compared

to the expected position accuracy of the satellite of about 305 meters.
Propagation delays from WWV for 1.6 km range would be about five
milliseconds which is also insignificant compared to the error in
positional determination. Also, the propagation delay of the light
received from thevrsatellite tends to reduce this error. This time

code generator would also provide the timing pulses to control the reset
of the pulse counters and transfer of data to the storage registers thus
controlling the integration time of the signal.

Data Monitoring - Monitoring of real time data acquisition should be
accomplished using the oscillograph. This also provides a backup
record of the data in case of loss of data on the digital recording
system. To accomplish this, four medium accuracy digital-to-analog
converters will be required along with associated grain adjusting
features for the four photomultiplier signal channels. Four additional
low accuracy digital-to-analog converters will be required for the

new optical attenuators. A comparison between the existing and
recommended oscillograph format is summarized in Table VII and shows
that additional galvanometers are required to record data from the

six extra channels.

In the past, WWV time ticks were recorded on the oscillograph with

the instrumentation operator being required to write on the record to
identify the hours and minutes. Since the WWV time code is compressed
into a one-second time frame, it is not resolvable except at chart
speeds of about 10 cm per second. Adegquate resolution of eclipse
photometry can be achieved with a paper speed of about 2.5 cm per
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second. At this speed, 0.25 cm corresponds to a maximum altitude
change of about 457 meters at the sunset point. Since WWV time code
is not resolvable at the normal paper speed of 0.6 cm per second

TABLE VII Oscillograph Recording Channel Requirements

Channels Existing Recommended
Signal Channels 2 4
Gain Step Channels 4 4 optical atten.,
4 gain
Filter Wavelength Channel 2 2
Time 1 1
Total 9 15

used for noneclipse photometry and is not resolvable at the 2.5 cm
per second during eclipse photometry, it is recommended that the time
code generator is configured to produce the IRIG Format C serial time
code which has a time frame of one minute. This removes much of the
work load from the instrumentation operator and guarantees a readable
time record every minute regardless of WWV dropouts and regardless of
whether a paper speed of 0.6 cm per second or 2.5 cm per second is
used.

Sky Background

If a sky background image shifter to adjacent sky (for reference level
measurement) is decided upon rather than the other recommended options
(see paragraph on sky background in first main section on principles
and objectives), then probably the simplest of several alternatives
(solenoid, cam actuator, etc.) would be a rotating glass wedge

mounted in the light path above (or upstream) of . the other optical
elements in the instrument head - - that is, ahead of the field stop -
that would shift the image slightly more than 1 field diameter. This
shifter wedge could be mounted on a small wheel covering the right
hand incoming light beam for an interval of 1/10 second out of each
second or more, driven at 60 rpm; or, if desired, it could be driven
more slowly (half speed, for example for longer eclipses). Its
installation would be quite simple, since its alignment is not
critical - - i.e., a slight tilt or displacement will not sighificantly
effect the optical path. (See Figure 33).
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Concluding Observations on Equipment Improvement

In summary, the problem of fully exploiting the potential for narrow
band photometry of satellites going into eclipse is a very respectable
one because of the extemeely low light level source and the rapid rate
of change of this level. Accordingly, every possible improvement in
signal-to-noise ratio should be employed. If photomultipliers are
obtained with higher quantum efficiency thus reducing shot noise,

then the dominant noise contributor becomes sky background; and
therefore, to optimize the complete system, smaller field stops

should be used which in turn requires the auto track system. The
estimated improvement is system sensitivity for each of the areas
considered (i.e., photomultiplier upgrading, pulse counting, and auto
track) were determined assuming that the type of noise affected by
that system component was the dominant noise contributor. In reality,
the noises are intermixed and removal of one noise source unmasks the
presence of another. Therefore, the estimated improvement in system
sensitivity assumes all recommended modifications to improve signal-
to-noise ratio are incorporated and if only one of the changes are
made, its improvement to the system will be somewhat less than
indicated. 1In particular, pulse counting allows the system to reach
the theoretical sensitivity improvements as presented in this report.
For example, it is extimated that without pulse counting instead of

a 1.8 magnitude improvement arising from the new photomultiplier, an
improvement of only 1.4 magnitudes or less could be expected - - aside
from the other advantages it offers.

EXPECTED PERFORMANCE CAPABILITIES

While numerous alternatives were examined, and many found worthy of
consideration, most of those recommended were clearly superior and
offered substantial performance gain for the cost involved. They
represent quite well the inherent performance capbaility readily
attainable by modifications aimed at the stated objectives of ozone

measurement .
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A relatively flexible choice remains as to which of the reasonable
alternatives is finally selected; and, indeed, which are even

included.

Such choices will eventually be the result of NASA

evaluation and direction, taking into account the results and
recommendations of this study. However, the achievable performance
capability indicated is as follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Narrow band photometric measurements for ozone studies
should be usable on satellites down to about the 5th
magnitude corresponding to 9th magnitude in broadband, or
12th without eclipse (auto track can only be used to 9th
magnitude - unless a 20% mirror is inserted.)

Up to 4 filter channels can be selectively employed
simultaneously, depending upon satellite brightness. This
would permit various combinations, including measurement in
both the Chappius band and near-UV (Hartley-Huggins bands)
regions (e.g. 3300, 4500, 6000 and 7000R).

Measurement capabilities can be maintained through relatively
adverse sky conditions (e.g., moonlight, twilight, ambient,
etc.) with substantial magnitude reach through employemnt

of 30 arc seconds (or even 15 arc seconds) field stop
apertures, made practical by incorporation of the recommended
quality auto track system.

Data recorded on tapes at 0.05 second intervals can be
rapidly and accurately processed by computer at low cost.
The recommended quality signal processing circuitry
techniques, and digital recording format (with real time
analog monitoring and backup capability) plus appropriate
software insures this capability.

Required precision satellite position data to support
measurements to a resolution and accuracy of + 300 meters
can be acquired by the recommended procedures.

Between 500 and 1000 vertical ozone profile measurements

per year over a wide geographical range (using 25 to 35
eclipses of 20 to 30 satellites, at 4 or 5 successive sites,
depending on bunching, weather, etc.) would be obtainable by
following the recommended mission planning and operational
processes with the MOSPO modified as outlined. These could
be successfully conducted with a 3-man field crew at nominal
cost.

The mobility and other characteristics of the MOSPO as
modified for this purpose would permit global scope of
measurement, dependent upon the need and pattern decided
upon. Added real.possibilities would be Chile, Alaska,
Mexico, Australia, and Hawaii (Mauna Kea) - - all of which
have good quality high altitude sites available. Ship, C5A,
plus its own land mobility could be used, depending on
schedule, etc.
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(8) These capabilities would provide ozone measurement
accumulation at a rate, scope, and quality plus low cost
that would greatly exceed that obtainable by any other means.

OPERATIONAL TECHNIQUES

Operation of the new modified MOSPO system, with its refined and
improved capabilities, features and characteristics, will result in

a corresponding refinement in the operating procedures and techniques
for maximum effectiveness in the use of its capabilities for meeting
ozone measurement objectives. Additionally, the over-all mission
approach will likewise justify appropriate modifications oriented
toward maximum yield and attainment of measurement objectives.

Field Missions

As a first consideration, indicated by the second major section of

this report (under "Mission Considerations:), the observing windows

for ozone eclipse measurements are of a nature which brings in both
latitude and longitude in relation to orbit orientations of the
satellites to be used for the measurements, as well as other observing
parameters such as site altitude, climatic and sky characteristics, etc.
Examination of these factors have indicated that typical mission
planning would result in judicious selection of four or five sites for
sequential use during a full year's measurement operations, with time
at a given site ranging from perhaps 5 to 15 weeks.

Representative locations and sites for such an operation would be
expected to span a wide latitude belt between 30 and 45 degrees, and
sufficient longitude to accommodate both seasonal weather (affecting
both cloudiness and seeing conditions) and some. added geographical
dispersion. Typical sites for consideration might well include:

Climax, Colorado High Altitude Observatory Site

Mt. Hamilton, California Lick Observatory

Mt. Hood or Mt. Ranier region

Mt. Palomar, California or Table Mountain

Mt. Lemmon or Mt. Hopkins, Arizona

Yuma, or Kitt Peak, Arizona

Cloudcroft, or Organ Mts., New Mexico
While there are some other promising sites (e.g., the Southwestern
Texas mountains between Big Bend and El1 Paso, the Lowell Observatory/
Flagstaff area, and some sites up to 50° latitude in the Idaho and
Northern Washington and Montana regions), the ones listed have all
been surveyed at one time or another for MOSPO satellite photometric

work. They also offered attractive operational features for the
specific needs previously outlined for ozone eclipse work, particularly
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in terms of sky conditions, altitude, etc. Some of the higher sites
listed, running to over 14,000 feet, would be particularly favorable
for simultaneous measurements in thé near UV regions, as recommended
earlier. Site access and support considerations are adequate at these
locations, and well within the operational and mobility envelope of
the MOSPO.

Field Operations

On-site field operations for the ozone measurement mission would not
differ radically from those of previous photometric missions for
measurement of satellite characteristics. However, calibration
requirements would differ, being in general less stringent - -
particularly in avoiding the need for second order extinction coeffi-
cient and scale factor measurements. Measurements of primary
coefficients might also be reduced, the actual extent dependent on
experience at the actual observing sites. Whenever given results
significantly differ from computations made without them (which will
result from extinction variation with color in addition to zenith
angle, transparency and other effects) they should be made; but where
such differences are not encountered, they can be reduced or eliminated.

In conducting the actual ozone eclipse pass measurement with the new
equipment, the axes will be set up as before. However, acquisition
and tracking range need only be sufficient to fully embrace the eclipse,
including 30 to 60 seconds or more before and after. Acquisition will
be made by manual control using the acquisition and guide scopes as
before to bring the satellite tracking within a 2-minute acquisition
field area. Then the operators auto track button is depressed and

he observes the tracking system closure to within a field size of
about 10 seconds or less. The operator should continue to monitor

the tracking until it is extablished that satisfactory solid track

is being held prior to eclipse, or even continue the monitoring
through eclipse under a long (e.g. grazing) eclipse and/or windy night
conditions. If track is lost, the acquisition process should be
repeated. If necessary, wind shielding can be improved under extreme
conditions by raising the windward side panel an appropriate amount to
provide optimum shielding without interference with any part of the
telescope through eclipse track. (If in doubt, a "swing through"
check should be made.) ‘

Prior to acquisition, instrumentation operationsshould be checked out
on a star of comparable magnitude. Then prior to eclipse, and during
it, the instrumentation operator should monitor the signal recording,
observing the real time record on the oscillograph along with the
other indicators provided (tracking signal level, photometric signal,
time reference signal, attenuation and gain levels, etc.). A check
should be made to endure that the main recorder is recording properly.
During any calibration runs, proper identification should be set on
the index coder. At the end of the eclipse the auto track should be
allowed to run in "rate hold" mode with sky background photometric
signals being recorded for another 30 seconds or so, completing the
measurement.
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Moonwatch points, if and when planned, will of course have to be taken
ahead of the eclipse by the third crew member.

Data tapes can be mailed in, or if circumstances warrant, can be
transmitted in for immediate processing. Satellite phone and data
service makes this practical even from remote sites such as Alaska or
Australia. The oscillograph recordings should also be labeled and
mailed in to the project office for backup use if needed.

Maintenance

Maintenance of the new equipment will in general be somewhat improved,
if anything over previous regquirements. Optical alignment is more
critical but will be bench aligned at the plant and should not change
because of the rigidity on the housing and mountings. Main telescope
alignment characteristics and requirements are not effected by the
changes' = - the requirement is still for proper alignment and
columnation (see manual) with the main beam covering the field stop
area. Auxiliary scope boresighting needs are the same as before for
acquisition use, but probably somewhat less critical because of

auto track.

The new signal processing circuitry will tend to be much more stable
if anything than the previous d.c. analog circuitry. In general, if
good maintenance practices as previously spelled out, including proper
checking and adjustment, cleanliness and equipment protection, are
followed in accordance with the manual and good practice, relatively
little trouble should be encountered.

Operational Measurement Modes

Should it be desired to make regular satellite or other type photometric
measurements during ozone missions, the recommended modifications all
provide for maintaining the previous operating modes (with improved
signal processing adnd recording). For UBVRI photometry in the various
modes (beam splitting, time sharing, etc.), for polarimetric, or any

of the previous capabilities, the corresponding external and control
settings can be made (see manual), and then just as easily restored to
the new narrow gand ozone photometry configuration.

Note that there are a number of modes for ozone measurement available
with the equipment newly modified as recommended: - - either 4 or 2
channel oepration(doubling the light level), variation of pulse counting
(integration time) interval, attenuation filter settings, narrow band
filters used, etc. The optimum settings for each measurement will have
to be established as a matter of judgement based on experience taking
into account such factors as satellite brightness, eclipse duration,

sky conditions, measurement objectives, etc., using the values given

in the operations manual and guidelines established by the project
office to fit the mission objectives.
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SUGGESTED IMPLEMENTATION PLAN

The recommended changes to the equipment to bring about the full
ozone measurement capability described are quite straightforward

and relatively simple. All lie well within current state-of-the-art
and use currently available materials and equipment. Therefore, the
implementation time required for equipment modification is fairly
short and largely effected by considerations of adequate procurement
lead time after decisions and selections are made. The missions
could be initiated as .soon as schedules and site locations are
established following analysis of the eclipse measurement windows for
meeting the objectives established.

It would be possible to implement the program completely on a one-step
basis, or to do a partial or step-wise incremental implementation
program, and also to follow correspondingly any mission operations
cycle desired form intermittent to continuous. Clearly, the direct
one-step implementation of the full modification at one time would

be most efficient and least costly over—-all, and the continuous
mission plan would be most effective in providing maximum yield at the
lowest cost per measurement obtained. Therefore, since it is the most
straightforward and simplest to show, this full implementation plan
will be shown, and is recommended for the reasons stated. Any other
approach plan can be derived from the elements ‘included in the full
plan presented. ’ '

The optical and mechanical modifications (including installation of
new phototubes and all assocaited changes), the electronic signal
processing equipment changes, the auto track installation, and
recording equipment changes can all procede essentially in parallel
without significant interference with each other, including individual
checkout. Then as they are completed, system integration and final
checks are carried out together on the system as a whole. The general
plan and a typical (nominal) schedule is given in Figure 34.

As can be seen, this is approximately a four-months plan for the
improvement modification of the equipment as recommended for optimum
ozone measurement capability. All parts are going along in parallel
through the engineering design, procurement, fabrication and checkout
cycle. If considered urgent or worthwhile, procurement expediting
could shorten this. The over-all plan is based on acceptance test
and delivering in four months with immediate deployment and field
mission capability at that time.

The field mission implementation plan allows ample time for the
preliminary mission planning, window analysis, site survey and
selection, arrangements, and crew parparation to be ready for operation
at the time the equipment is ready for deployment; with the field crew
participating fully in the final checkout. This conforms closely to
the general plan followed in original and subsequent deployment of the
MOSPO, which worked out very successfully. Since this is a relatively
minor operation by comparison, there should be no difficulty in
carrying it out according to this plan.
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Figure 34. Recommended ILinplementation Plan and Schedule
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APPENDIX A

COMPUTER PROGRAM FOR RELATING OBSERVABLE ECLIPSE FREQUENCY
WITH SITE LATITUDE AND SATELLITE ORBIT PARAMETERS
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"GRTRAN [V 360N-F0-479 3-8 AATNPGH T DATE T U971&/73 TIWME 1o.

TINTZGER LAT{1d8J3)y LATST180), PRINT

DATA EPS /23.4427/, RE /6378.16/

REAL I :

ARS INDUX) = ARSIN(X)*57.29573

ARCCSDI{X) = ARCOS(X)*57.29578

SINE = SINULEPS) ‘

CUSE_= COSD(EPS) - , R
1 READ (1,5,Fi40=99) H, [, DLONG, DNCDE, OPHI, ALTMIN, PRINT
5 FURMAT(6F10.0, 15) -

ISKIP = 0

IF. (PRINT .GT. 0) [SKIP = 1

DO 7. 4 =1, 139

LAT(J) = 0
7 _LATS(J) =0

SINI = SIND(IL)

COSI = COSD(I)

" SINA RE/ (RE+H)
A = 180, — ARSIND(SINA)
COSA =—-SQRT(l. — SINA%%2)
DELPHT =. ARCOSO(SINA*XCOSD{ALTMIN)) — ALTMIN

£
~)
~
-

[ LTl

PD = 37.043529%SQRT (SINA®*3)
J1 = 130./DLING
Kl _= 300./DMH0UDE

CONL = 1./J1/Kl

CON2 = . ONL*PD*DELPHI/360. ~ :

URITE (5410) Hs I, DLUNG, DNODE, DPHI, ALTMIN, A, DELPHI, POD
10 FORMATI‘1l H I DLONG _ DNODE DLAT _ ALTMIN A D
__AELPHI REV/DAY Y /F600sFBal 42F7a01F3a24FT00,F102242FS.2/1

DO 25 J = 1, J1 , ~

T XLONG_= (J-1)*DLONG
SINL_=. SIND(XLDNG)

u-m.pwpvr-au\ow\lvu\.t\wwr-oow-ﬂ.wm-&‘u.‘”f\!l*‘

4! e ]
;
.
{
1]
{
i
'

X_= COSD{XLONGL,
, Y = SINL*COSE
- Z_ = SINL*SINE

“ALPHA = ARGD(Y, X)
DELTA = ARSIND(Z). , ‘ B
IF (PRINT +Fd. 1 +ORe PRINT .EQe -3) WRITE (3,15) XLONG, Xo ¥, Z,
1 ALPHA, DELTA : L
15 "FGRMAT(F10.2, 10X, 3F10.5, 2F10.2)
DO 25 K = 1, Kl
XNOGDE = (K=1)#DNIDE
COSN COSD(XNIDE)
SINN SIND{ XNODE)
P X*CUSN + Y®SINN
—X*SINN + Y*COSN
S

Wl

*C0OS1 + Z#SINI
—SESINI _+ Z3C0S1
ALPHAP = ARGD(Qy P)
DELTAP = ARSINDIR)
COSV_= COSA/SORTIPE®2 + Q¥%2)

i it

- D

IF (COSV_.LEZ. -11) GU_ TO 25

V = ARCOSD{CISV) + ALPHAP

r./ R adi Lok B A D B R e A LA o T B ol & o B Wi AT e T N NG T et INLT NS
‘: ' ' :
'

:‘i'\_




g&:‘ IV 360R-FN-479 3-3 MAINPGM "DATE  09/14/73 TIME 16.903
SINP = SIND(V)*SINI
PHI = ARSIND{SIMP) :
PHIS = (SINP - COSA%Z)/SINA B
IF {ABSH{PHIS) .GTe 1) PHIS = SIGN{Ll.s PHIS])
PHIS = ARSIND(PHIS) ; _ . - R :
IF (PRINT «GE. 2) WRITE (3,20) XNODE, P, Qy S, Ry ALPHAP, DELIAP,
1 Vy PHI, PHIS — : .
20 FORMAT(10Xy Fl0e2s 4F10.5, 5F10Q.2) T
M3_=__ _ABS(PHIS/DPHI) + 1.5
LATS{M3) = [ATS(M3] + 1 :
M1_= (PHI - DELPHI)/DPHI_ + 1000.5
M2 = (PHI + DELPHI)/DPHI +-1000.5
DD _25 M = M1, M2 . B :
M4 = TABSIM -~ 1000} + 1 - : : -
25 LAT(M4) = LAT(M&) + 1 o
WRITE {3,30) 1SKkIP
30 FORMAT(I1,% LAT', T23, *SHADIHW', T48, 'SUNSET'/)
J2 = 90./DPHI + 1 »
XLAT = Q. :
LAT{1) = LAT(1)*2
LATS(1). = LATS(L)%2 R . - -
DO 40 3 = . 2 i
PRCBL = LAT(J)*CON2/COSDAXLAT) R =
. PROB2 = LATS(J)*CUN1 ,
‘ HRT TR (3.35) XLAT, LATINY, CRO8L ., LATSLJ), PRULZ
35 FORMAT({FDely 201iDy Fi1Oef) )
40 XLAT = XLAT + DPHI .
GO 7O 1 _
99 CALL EXIT : ; - o
END '
, _ . 91




27 September 1973

EE620

INPUT DATA CARD
COL. SYMBOL FORMAT DESCRIPTION
1-10 H F10.0 HEIGHT OF SATELLITE
11-20 I F10.0 INCLINATION
21-30 DLONG F10.0 INCREMENT IN LONGITUDE OF SUN
31-40 DNODE F10-0 INCREMENT IN RIGHT ASCENSION OF NODE
41-50 DPHI F10.0 SIZE OF LATITUDE CELL FOR FREQUENCY

DISTRIBUTION*

51-60 ALTMIN F10.0 MINIMUM ALTITUDE ANGLE AT WHICH AN ECLIPSE
ENTRY CAN BE OBSERVED

61-65 PRINT I5 CONTROLS AUXILIARY PRINTOUTS:
PRINT - 1 or 3: PRINT SUN'S LONGITUDE AND
RECTANGULAR EQUATORIAL
COORDINATES
PRINT = 2 or 3: PRINT ORBITAL COORDINATES OF

SUN AND SATELLITE, AND SHADOW
AND SUNSET LATITUDES

NOTE: RUNS MAY BE STACKED BY INCLUDING MORE THAN ONE DATA CARD.

*IF DPHI IS LESS THAN .5, THE DIMENSIONS OF LAT AND LATS MUST BE CHANGED
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APPENDIX B

NOISE CONTRIBUTIONS IN NARROW BAND PHOTOMETRY USING

THE MOBILE SATELLITE PHOTOMETRIC OBSERVATORY 1973
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. _ - APPENDIX B

NOISE CONTRIBUTIONS IN NARROW BAND PHOTOMETRY USING

THE MOBILE SATELLITE PHOTOMETRIC OBSERVATORY 1973

The photomultiplier shot noise was calculated to be the square root of

the number of photoelectron events per integration time of the signal.

The number of photoelectron events due to a particular stellar magnitude

of signal were calculated as follows:

Since the sun's magnitude is -26.73 and the energy’produced by the sun
' on a2 normal surface above the atmosphere is 0.152 watts cm_?‘u-]' at 0.55u,
the magnitude of. any G2 star can be related to the energy received by a

telescope of diameter D (cm) by

log W (0.55u) = 2 log D -~ 0.4 m_+ log A/L -11.51
Al
where A)% is measured in microns and W in watts. In order to determine
the energy at some other wavelength or temperature, Wien's approximation
to Planck radiation law for hemisphereical radiation per unit area per
unit wavelength interval was combined withthe above equation. This was
done by multiplying a correction factor of J %j7’) where J(,lb -T; )

: (s, To) I

is Wien's approximation evaluated at )o = 0.55u and To = 6000°K.

' *Reference GER-12807 S/4, 6 December 1966, SP-5073, Filter Selection and Determination
of the Limiting Accuracy of the new Photometric System for the Mobile‘ojbs_erzatory‘,
Goodyear Aerospace Corporation, Akron, Ohio
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Wien's approximation is

—

AT =y A7 p e/

where C, = ZTf—ﬁc;‘ and C, = hc = 14380 micron degree

The resulting equation in logarithmic form is
log W (217’) = 2 1log D - 0.4 m, + log A /% -11.51 -5 log /%
' . ‘ 0.55

- 6240 ( -1.82)
fo (3

where W is measured in watts, D in centimeters, /% in microns and T in

degrees Kelvin (Reference 2).

Using the above egquation, the number of signal events versus magnitude
were plotted. This was done by multiplying energy in watts by the
current yield per watt of the photomultiplier, which was converted from

quantum efficiency g into the current yield Y by the equation

qg = 1.240 (amperes watt—l)

“A” (microns)
Ho&ever, after calculating the energy in watts, a correction factor
based on oétical and atmospheric losses was determined. The current
yield was then calculated and converted into electrons per second. This

rate of photoelectron events was then multiplied times the integration

"time of the system (.05 seconds). The calculations follow.

Reference 2 Whitford, A.E. "PHOTOMETRIC TECHNIQUES" Handbuch der physik

pages 240-255
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Existing System (9558QA Photomultiplier)
o
A A = .00i8u for NB filter at 7000A

jii. ' log W

)

2 log 24x2.54 - 0.4 m, + 1log .001%p

(1

.7 _ 6240 ;1
7

.55 6000

-11.51 -5 log 1.82)

-10.81 -0.4m
v

)

o
Assuming 7000A 1light path is one of 2, a 50% transmissive NB filter and

a. 30% loss due to atmospheric extinction and miscellaneous optical losses

then:
W must be multiplied by 1/2 x .5 x .7 = .175
let W' = .175 x W '
.then log W' = -10.81 - 0.4 m,, -.76 = =11.57 - 0.4mV
Y (amp/watt for 9558QA @-7000A°) = -4 X )\ = 20 X .7
1.240 ° 1.240 *~ °
= .0282 amp/watt
19 - 19
Y x .625 x 10 e/sec amp = ,0176 x 10 e/sec watt

number of events

I

let n
' . 19 -1 ' .

then n = W' x .0176 x 10 sec. x .05 sec where .05 sec is the

integration time of the system.

ST = W' % 8.8 x. 10T

- In logarithmic form:
log n = logW' + 15.94

-0.4 m + 4.37

e
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Dark count=4 e/cm2 X '777?.5€f = 80 cts/sec = 4 cts/system
‘integration time
Dark noise for 9558QA @ ~10°C = 4 ! = 2

]
.26 @ 7000A

for C31034A q

.26

Y = 1345 = .7 = .146 amp/watt
A6 - 524 9558QA
0383 = . ncrease over q

.

« . logn = -0.4 m, + 5.09

Dark count C31034A @ -10°C = 45 cts/sec = 2.3 cts/system

. ' integration time

Dark noise = 2.3 = 1,52

~

For ITT FW 130

Y = .012 amp/watt
decrease 028 2.34
- comparéd .012
to 9558QA
) = -=UV. + 03 - l 2.34
. .« lognm 0.4 m, 4.37 og
= - 7 +
l?g n 0.4 m, 4
Dark count=2.5 cts/sec x .05 sec = .125 cts/system integration time
Dark noise = -125 = .35
log .35 = =~.455
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e T T

o

‘ Preamplifier Current Noige .01 pa per HZ@p) for Analog Devices 301
~for 10 hz b.w.)noise-current

= .Oix m
12 ‘

= 7,032 x 10 amp pp N
12, 625x10 % /scc.

referred to PM cathode, this noise current is‘.032x10h
’ 5
6x10

= 0.3 » € /sec

for integration time of .05 sec n = .015

for 1' diameter field stop

Sky background based on 21.5 mag/sec
log TT 302 log 2820
= 21.5 - ————4—~

= 21.5 = =355 7.51
3.45
= 21.5 =~ EELERN. 12.9 magnitude -
.4 . . -
. 'Sky background based on 21.5 magj/secz'for 30" field stop =
= 21.5 - log 77 (15)% = 21.5 =~ 2.85 = 14.4 mag
log 2.51 .4 .

14.4 mag = -1
= =.5

log n for €31034 @

log (corresponding noise)

Sky background based on 18.5 mag/sec for 1' diameter field stop

= 12.9 mag -3 = 9.9 mag

C31034A this corresponds ton = 14

= V14 = 3.75

for

sky backgdrund~noise then

' log 3.75 = .575
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APPENDIX C

CALCULATIONS OF ATTENUATION REQUIREMENTS FOR AVOIDANCE

OF PULSE PILE UP
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APPENDIX C

CALCULATiONS OF ATTENUATION REQUIREMENTS FOR AVOIDANCE

‘ OF PULSE PILE UP
' - ' B T Tr k T

U B \Y R
Effective Wavelength .36 .44 .55 .70 -~ .90 microns
Approximate :
(D Relative Solar Energy .61 1 .95 .73 .46
~ ~ Relative Atmospheric .42 .60 .72 .78 .82 (at sea level)
@Transmission
@Bandwidth of Filter .07 .10 .10 .19 .21 microns
@C31034A .11 .12 .13 .14 .01 "amps/watt
Absolute Sensitivity : o
QxOxOx @) .0020  .0070  .0089  .0150  .0008
Relative System 2.2 .83 .55 0 3.2

‘sponse (Magnitudes)

-] L. -
18A Narrow Band response relative to "R" band =

A 5 magnitudes
Maximum exposure NB, 2 light paths = =2 magnitudes

Pulse pile-up NB- = +1 magnitude
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DBA E73 057

APPENDIX D

GOODYEAR STAR TRACKER

FEASIBILITY/PROPOSAL

Prepared by: DBA SYSTEMS, INC,
Electro Optics Division
P. O. Drawer 550
Melbourne, Florida 32937

Prepared for: Goodyear Aerospace
1210 Massillon Road
Akon, Ohio 44315

Dated: . 27 September 1973
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FEASIBILITY
1.0 ' STAR ANALYSIS
The irradiance for a zero magnitude star, assuming a Planckian

emitter, is:

Io =2.65x 10-10 lumens/cm2

or 0.25 x 10-6 ft candles.
Therefore, the irradiance for an M magnitude star becomes:
I = (0.25x 1078 (2.512™) 7 fi-candles

9-1

1= (0.25% 1079 (2.512)

= 6.25x 10" £t candles

These figures are based on star irradiance as observed above the earth's atmosphere.
The next section describes the absorption and scattering of the earths atmosphere

and how this effects the detection of stars.

2.0 ATMOSPHERIC ABSORPTION

The absorption of radiation through the atmosphere can be expressed
by:

I=1a"

Io = incident radiant energy at the top of the atmosphere

a = transmission coefficient for an air mass of 1 at a given wavelength
" m = the air mass number

| = incident radiant energy on the surface of the earth.
The transmission coefficient through the atmosphere varies as the woveleﬁgfh
of the radiation under consideration. Figure ] shows the atmospheric absorption

as a function of wavelength and without regard to strong absorption bands.

-1-
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The principle contributors to atmospheric absorption, through a perfectly clear
sky, are molecular absorption and molecular scattering. Molecular scattering
varies inversely with the fourth power of the wavelength, and accounts for the
blue color of the sky. Molecular absorption is due primarily to ozone and water
vapor in the atmosphere.

Transmission through the earth's atmosphere may be expressed as:

T=e

o = attenuation coefficient
n = number of equivalent atmospheres

when A =1 (Zenith) the transmission is

-
Tz=e

therefore T-= T:

Figure 2 is a plot.of n versus elevation angle. Thus, Figures | and 2 may be
used in conjunction to determine the amount of radient energy reaching the
surface of the earth's atmosphere.

For example:

What is the irradiance of a+ 9" star

‘on the surface of the earth, at an elevation

angle of 900, as viewed in the visible region.

From equation Ig = 6.25 x IO_” ft candles

From Figure 1: % transmittance = 85%

From Figure 2: * of equivalent atmosphere .

at 90° elevation = 1.0

11

1=6.25x10 """ (.85) (1.0) foot candles
11 »

1=6.25x 10" " (.85) foot candles | _
1=5.3x 10-” foot candles for ait9" Atar

N
at a 90° elevation angle and at a

wavelength of .556 p.
-2- :
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3.0 " OPTICAL SYSTEM FOR TELEVISION SENSOR.
The lens system to be utilizedisa 61 cm dia, /20 system with
36mm isocon system at the image plane. From this information the field of view

may be determined.

/
Field of view: > ?
- g . H
FOV‘”TGn—§-~2—F- 36mm
) 1.0
where H = width or height v

F = focal length !3 1.0—F \ .

6 Figure 3

Tant = 1.0
an 2 -_2@)

Tan =2.08x 1073

FOV = 7 arc minutes

The 12m focal length lens is an /20 system and has a clear
aperture of 61 cm. The theoretical angular diameter discernable by an op-

tical system is:

where d = lens diameter ‘
For the stated aperture the theoretical angular diameter is .16 sec. |
Due to obscuration in the optics and atmospheric effects, the
practical star image size ranges from 2 to 4 séc. Assuming a 3 sec stellar image,

the size of the image at the focal plane would be.

., 25.4 mm
3 sec (Z?U_-S-e—c_) O.l' .]8 mm

A 36 mm Isocon sensor format is utilized with 1 se¢ equal to .06 mm on the face

of the sensor. The horizontal or vertical field of view contains 420 séc, therefore

-3- 107
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aTV systerﬁ with 700 equivalent lines would have a resolution of 0.6 ec/TV
line. A3 s’é?;‘ star would then encompass 5 TV lines.

The illuminance of an image through the optical system is expressed
by:

E =Gainx |

where Gain = gain of the optics is expressed as the area of the
optics divided by area of the image.

= illuminance from the star in question

LR

. m . . -
From the previous example, a 9 star has an illuminance of 5.3 x 10
candles, and the gain is equal to:

Gain = R2 optics
R4 image

where R optics = 304.8 mm
R image = .09 mm

9.3 x ]04 mm2

. Gain =
8.1 x ]0-3 mm2
7
=1.15x 10
The illuminance of a 9™ star at the focal plane of the optics, with 10% available -
light, is then: : ////'/
Estar = Gain x | x 10% //////
= 1.15x10” x 5.3 %107 x L1
_ -5 . " .
=6.1 x 10 7 ft candles L

From Figure 7 this signal level represents a S/N ratio of 5 at the sensor output.
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4.0 CENTROID TRACKER

From the optics analysis of the preceeding paragraphs, a signal
to noise ratio of 5: 1 was derived.’

The detection of an optical image in the presence of random fluc-
tuations requires that the signal-to-noise ratio (5/N) be equal to or greater than
a certain threshold value S/N. Studies of reconnaissance data shows that a
signal-to-RMS noise ratio of two is needed to detect a target in the visible
spectrum and that a signal -fo RMS noise ratio of three will produce a good
television image. A signal to noise ratio of 4::1 represents a trackable target.

The centroid tracker error processing circuitry incorporates '
line to line digital correlation. This technique results in an effective S/N
ratio increase of a factor of 2.5. Thus, the tracking S/N ratio will be greater
than 10: 1.

The centroid tracker with the television sensor presents an ex-
cellent star tracking possibility. Section 5.0 will describe an image dissector
approach to the problem and section 6.0 will discuss which technique would

be the most suitable.
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5.0 IMAGE DISSECTOR

Acquisifion Mode

W

The feasibility of employing an image dissector as the primary
-fcrgef sensor is considered in the following section.
The acquisition arc is given as 2 minutes. The resultant FOV

in terms of the maximum field diagonal is calculated as follows:

d= of
where 6 = instantaneous FOV in radians

f = optical focal length in centimeters
, -4 3 -1
df=5.82x10 radx 1.22x100ecm=7.1x10 "= 71 cm

Dwell time, t, is given by
A°

- (__g) T

AL

where

Ao = Area of electronic aperture

Af = Area of scan field

T= period of a single complete scan

= = Scan efficiency factor

2 .
Ac=r rf2="g) = 3.14x (3.55x 10712

=3.14(12.6x 1072 = 39.6x 1072 em?

d_=7.27x 1072 x 1.22 x 105%m = 8.87 x 10" 2em

2

dcf2 2
2

A - vl =n(2) =3.14 (4,435 107

cm)

-9
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A_=61.85x 10 %m’

T=1sec

«= 5 for a round aperature with appropriate overlap

and scan retrace time.

2

. . -4
oo _5(61 .85x 10 "cm

2 2

— )~ " 1 sec. .
39.6x 10 “cm

t=.5(.561 x 10‘2) se¢ = 1.22 x 10'_4sec

t= 7.8 ms
The number of electrons collected in the absence of a star target, N, is de-
termined in the following way:

N=€LA S t
A a’b

where

€ = photcelectron counting efficiency of dissector = .9

L = Sky background illumination level

A(J = Aperture Area = 61.85 x 10_4 cm2
Sb = Quantum efficiency of photocathode at spectral

content of background photons = 1.79 x 10] 5e|ec.
lum-sec.

t = dwell time= 7.8 ms

-10-
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U=1x107 2= ;10

L=L'G

Where the optical gain of the telescope, G, is found as follows:

2

G = R2 optics .
2,
R~ image
where 7, = transmission efficiency = 10%
0.5 cm)2 ‘930 :
G‘—'————2 x 10% =, X .1=7.38x10
(.355 cm) 12.6 x 10
L=1x107 - x 7.38x10% = 7.38x 1072 -
cm cm
-5 2 -4 2 10]5e|ec
N=,9x7.38x10 7 — x 61.85x10 'cm"x1.79x
cm2 I-sec

x 7.8 x 10_% sec .

N= 574 x 10_6 electrons

'

WN = 2400

Star flux generated electrons, NS, is calculated as follows:
N =€wWQ t
s s
where W=A E
s s

Es = sfor'flux =6.1x ]0—5 ft candles

AS = Star image area = 2. 46 x ]0-4cm2

15 electrons
umen-sec

Q =1.1x10
s

-11-
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E = 6.1x107° ftcdx 10.764 x 1074 = 6,566 x 107 phots (%)
5 . cm
| 8 ¢ -4 2 10" elec 3
N = .9%x6.566x10 ~ - x 2.46x10 em” x 1.1 X =————= x 7.8 x 10 ~ sec.
S 2 | - sec i L.
cm
NS = 125 electrons -
NS
S/N = — = 125 _ 4 459

\/—l:l_ 2400 |

In the acquisition mode, the FOV and image sizes and stellar magnetudes involved

preclude successful utilization of an image dissector.

5.2 Track Mode

While the image dissector does not compare favorably with the
vidicon tracker for single frame acquisition, the tracking mode, which allows
greater image dwell time, has possibilities. Assuming that the satellite position
rate of change is identical to earth rotation angular displacement, the rate of

tracking must be at least 7.27 x 10—5 % . Using acircular electronic aper-
>

ature, it can be shown that at least i3 scr;mples/frcme of data must be taken to
ensure target acquisition. (Vcrio;Js scanning patterns such as a rosette, cross,
circle, spiral or box may be used with variously resulting data rates.) This
implies that the maximum dwell time to be achieved is i or 77 e’milliseconds/‘

13
sample. Substitution of this dwell time into the equations of section 5.1 yields
a S/N ratio of_{ 1.3 ‘This is an increase of some 25 times in $/N ratio. This
ratio, however, is still unusable in this application.

5.3 Image Dissector Summary

The primary diffic;.ulfy may be seen as the high ambient background
starlight illumination level present. If this could be reduced, or a brighter
source found for tracking, an adéqucfe S/N ratio could be obtained. It should
-12-
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be pointed out that the S/N ratio of the image dissector device itself, i.e.,
without the background illumination "noise" contribution is far higher.

In the acquisition mode, this may be computed as follows:

S/N =1.2x 10 JJf_"

where

J=SE

s
S = photocathode sensitivity = 150 x 10-6 A
Tum
E$ = Star illuminance = 6.1 x 10-5 ft candles (lum/sq. ft.)
a = Electronic aperture = 6,65 x 10-6 sq. ft.
1 . . 3
f= 7— = video bandwidth =4.1 x 10™ hz
24t . < e
(in acquisition mode)
-5 -6 -6 %

5/N ’5’1.2x109( 6.1 x10 " x 150;10 x 6.65 x 10 ) - 4

4.1x10

This is the best case S/N ratio obtainable and indicates that acquisition could

occur and tracking in the absence of background illumination would be entirely

feasible. Greater magnitude tracking stars would yield the same result.




6.0 CONCLUSION
| Section 4.0 described the S/N ratio required to track an optical
image. The S/N rctio of 5:1 using the television approach represents a track-
ing capability far superior to the image dissector with a S/N of 0.1635.
"It is therefore our conclusion that the system best suited for

tracking a +9  star is the Image Isocon Sensor.and a centroid TV trocker.

-14-
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APPENDIX E

@ s AUTOMATIC TRACKING CONCEPT FOR NASA MOBILE SATELLITE
g PHOTOMETRIC OBSERVATORY

AUTOMATIC TRACKI\G is a llrm requirenent whcn~i£ is desired to

- :maximize. the data obtained f{rom satellite observation opportunities.

- "A system is proposed which can be implimented in the observatory
;}which takés advantage of existing cepability and which can be im-
1Qpliménted'without extensive modification. The ccuiponents of the
’syutvm are.

gl. A stable quadrature oscillator which permits the telescope
i" to be conically scanned where the field of the telescope
, is pointed slightly off center from the target and rotatec
'Q,“f?fﬁ about the boresight, keeping the aungle offset constant.

» 4 .2. Quadrature resolver and summer waplifiers whicii detect when
 ﬂQ ﬁ,f--nfflthe target is off center from tie boresignt and which
_‘Mf:_'___fﬂ,;generate control signals to the declination and polar
, -fi'»A “summer amplifiers providing the required control for auto-
S . matic tracking. '
‘13,7 A-modified optical assembly in the instrumentation lead

‘ which uses the reflected light from the interfaces filters

which select the ozone spectrum or the comparison spectrun.
A field stop smaller than that used for signal detection
I:IS used for tracking to prevent signal dropout during track.
“~fThls,may,be accomplished at the impage plane in a relay lens

assembly used to tranamit light out to the tracking detector.

~u¢iIt 1s ant1c1pated that these modifications meet the objective of mi-
f} ,n;mum_mod1£1cat1on to the observatory electro optical system.
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. : INTRODUCTION
By (s T o Section N For certain low light level applications, existing Orthi-
< I - ¢ ~ con imaging systems are limited by the amount of
& . _ scaming Erectron e | 11015€ Present in the output signal, particularly in the
Z ] black portions of the picture. Although Isocon readout
i p/ greatly reduces this and other problems characteristic
3 [I of using the Orthicon in such applications, only recently
have systems been perfected that offer comparable sta-
& : bility, ease of operation, and set up. Specifically, MTl's
Image Isocon Camera exhibits significant improve-
| _\ \ ments in sensitivity, noise, and dynamic range while
: T . retaining the packaging and operational advantages of
|l g the Orthicon.

The imaging technique used in both systems is similar;

photo-electrons from the photocathode positively
GENERALIZED SCHEMATIC charge the target which is in turn discharged from the

; reverse side by the scanning electron gun. It is in the
1 OF ORTHICON/ISOCON TUBES scanning method and processing of the output signal
that the two differ.

e e P A 1 A gyt

* b e
e

SCANNING TECHNIQUES

Orthicon scanning produces a negatively modulated
signal. The scanning beam lands only on positively
charged portions of the target (picture whites), and is

Scanning Beam \

Scattered Component

low light levels the noise in the beam current needed to
discharge picture highlights will eliminate much of the
detail in the darker areas.

There are actually two return beams in both the Orthi-
/' : Reflectod Component ' con and Isocon modes; the reflected beam containing
Teroet the high shot noise, and a scattered beam which is di-
4 rectly proportional to that part of the original beam
: actually landing at the target and carries only picture
RETURN BEAM COMPONENTS - information. The Isocon separates the twa and dis-
cards the specularly reflected component allowing
only the scattered component to enter the electron
multiplier from which a video signal is obtained.

Discharge
* Icompanent totally reflected from the blacks. Output current is ,,
, therefore a maximum for picture blacks and a minifa3]
o i mum for the whites. Since the maximum current rep-"=
: e resents a totally reflected portion of the input beam, it
V4 retains the shot noise inherent in that beam. Further, at

Photomultiplier —\

ISOCON BEAM SEPARATION

In the Isocon, the scanning beam is emitted from an
aperture in the first dynode, passes through an aperture
in the separator and between steering plates. These
introduce a transverse component of velocity causing
the beam as a whole to spiral in the magnetic field and
approach the target at a low angle of incidence. The
beam, on reaching the target, becomes split into three
components. ' '

SPECULARLY REFLECTED COMPONENT — That part
of the beam specularly reflected in-front of the target 3
returns on a helix of the same pitch as the incident™a
beam and passes between the steering plates. Here it

ISOCON BEAM SEPARATION
é::._,‘ P i ‘.:‘Jt,'~f_"\;..-"'.._,.v# LNy Tt N Sy e o s D e

H N |




gains further transverse velocity, increasing the diam-
eter of the helix which then becormes sufficiently large
for it to be intercepted by the edge of the separator

aperture and djscarded.

DISCHARGE COMPONENT—Some of the beam lands
on the target and neutralizes positive charge built up
by exposure to light.

SCATTERED COMPONENT—Positive charges on the
target, corresponding to the incident image, cause part
of the beam to be scattered. The Isocon retains this
beam since its magnitude is proportional to the posi-
tive potential on the target at any given point in the
picture and it is free from shot noise. The helical
motion of the incident beam is not transferred to this
component,” which returns towards the multiplier and
passes between the steering plates. Here a transverse
component of velocity is imparted to it causing it to
spiral in a helix tight enough to pass through the aper-
ture in the separator and strike the first dynode. The
output signal is then obtained from the anode of the
multiplier.

The Isocon Camera therefore produces a positively
odulated signal; return beam current is small for
mall signals and the signal-to-noise ratio is maintained

0 very low light levels. As a consequence, beam current
may be set to discharge highlights without materially
affecting low light performance. The camera can there-
fore be operated over a very wide dynamic range, yet
the beam setting remains non-critical.

DESIGN FEATURES

The Isocon tube target is designed for a low storage
capacity so that even with very low photocathode cur-
rents, it will give an appreciable voltage swing at the
target, allowing good landing by the readout beam and
minimizing lag. The target is made from E.E.\V.’s Elec-
tronically Conducting Glass which has a resistivity se-
lected to permit tube operation in 2 storage mode with
an interrupted readout , or in a continuous mode with-
out “after images” becoming apparent on a moving
scene. Two additional multiplier stages are incorpor-
ated in the tube to make up for the inherent lower
current density of the Isocon scan compared with
Orthicon.

With static illumination at very low light levels, addi-
tional sensitivity may be realized by integrating charge
build-up over longer periods of time. In the integrating
mode the scanning beam is cut off and the target
charge accumulated. The-amount of integration time is
determined digitally by counting vertical sync pulses
id can vary from one to several frames. Also, for such
w light levels, a tube with a fiber-optic face plate is
available for coupling to an image intensifier. :.
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srecwicanions’)  IMAGE ISOCON CAMERAS

ELECTRICAL S MECHANICAL

HORIZONTAL RESOLUTION: ) SIZE:
700 lines @ 10%f.c. » Camera: 714 x 233, x 53
SENSITIVITY: . . Camera Control Unit: 1179/)( >; )1(19)(/7RC:C!?(|nsetty|Setyle
Useable picture at 10#f.c. photocathode illumination
FINISH:
SIGNAL-TO-NOISE RATIO: ’ i Camera: Case—Black anodized
42db in blacks, 33db in whites . . Camera Control Unit: Front Panel—Gold anodized.
DYNAMIC RANGE: . Cover—Dark brown baked enamel
300 typical . WEIGHT:
. - Camera: 25 Ibs.
BAlgh[/)lxlvz"(gO’;/IHz available) Camera Control Unit: 28 Ibs.
MOUNTING:
GRAY SCALE: .
s : Camera: (2) 44" x 20, (1) }43” x 20 threaded tripod mounts
Will display 10 shades of gray Camera Control Unit: 19 rack or cabinet style
HORIZONTAL SCANNING RATE:
. : T ) CONTROL CABLE CONNECTOR:
525 line (875, 1023 available) - v _ Camera. MS2102A36-15P
VERTICAL SCANNING RATE: Camera Control Unit: MS3102A36-15S
60Hz, 2:1 interlace; sequential opt:on_ : ) . . VIDEO OUTPUT CONNECTOR:
SYNCHRONIZATION: : : ) BNC
Internally generated industrial sync .
(EIA external available) " SYI;‘II\?CCONNECTOR'
LINEARITY: :

2% or better over entire image area

VIDEO OUTPUT:
Black negative, 1.0V at 75 ohms

INPUT POWER:

107-127 VAC, 60 Hz 185 watts, plus 7 watts for camera :
cooling ) : . @
: REGULATION: ‘ ' » -

+1% on all power supplies - .

OPERATING TEMPERATURE:
0 to 50°C
IMAGE TUBE:

EEV P880 Image Isocon w/s-20 photocathode (fiber-optic
faceplate and other photocathode surfaces available)

WARRANTY (Isocon Tubes):
180 hrs. Futll
1800 hrs. Pro-Rated

VISUAL EDUCOM INCORPORATED
4333 S. Ohio St., Michigan City, Ind. 46360
Telephone: 219 879-8311 .

NOTE: MT! incorporates design improvements in its equipment according to
state-of-the-art development; therefore, the specifications contained herein i
are subject to change without notice. V-256-1072 /’

Printed in USA




10.

11.

12.

13.

14.

15.

REFERENCES

"Tnadvertent Climate Modification," MIT Press, 1971.

Nicolet, M.: "Nitrogen Oxides in the Chemosphere;"
J. Geophysical Research, Volume 70, pages 679-689, 1965

Bates, D. R., and Nicolet, M.: "Photochemistry of Atmospheric
Water Vapor;" J. Geophysical Research, Volume 55, pages 301-327,
1950.

Chapman, S.: "Photochemistry of Atmospheric Oxygen;" Reprots of
Progress in Physics, Volume 9, page 92, 1973.

Crutzen, P. J.: "The Influence of Nitrogen Oxides on the
Atmospheric Ozone Content;" Quarterly Journal of the Royal
Meteorological Society, Volume 96, pages 320-325, 1970.

Johnston, H.: "Reduction of Stratospheric Ozone by Nitrogen
Oxide Catalysts from SST Exhaust;" Science, Volume 173,
pages 517-522, 1971.

Langley, K. F. and McGrath, W. D.: "The Ultra-Violet Photolysis
of Ozone in the Presence of Water Vapor;" Planetary and Space
Science, Volume 19, pages 413-416, 1971.

Valley, Shea L.: "Handbook of Geophysics and Space Environments;"
McGraw Hill Book Company, Inc., New York, New York.

Mateer, C. L., and Godson, W. L.: "“The Vertical Distribution of
Atmospheric Ozone Over Canadian Stations from Unkehr Observations;"
Quarterly J. Royal Meteorological Society; Volume 86, pages 512-518,
1960.

Gotz, F. W. P; Meetham, A. R., and Dobson, G. M. B.: "The Vertical
Distribution of Ozone in the Atmosphere;" Proc. Royal Society,
Volume A 145, pages 416-446, 1934.

Regener, V.: "Vertical Distribution of Atmospheric Ozone;"
Nature, Volume 167, pages 276-277, 1951.

Normand, C.: "Some Recent Work on Ozone;" Quarterly J. Royal
Meteorological Society, Volume 77, pages 474-478, 1951.

Venkateswaran, S. N.; Moore, J. G. and Arlen, A. J.: "Determination
of the Vertical Distribution of Ozone by Satellite Photometry;"
J. Geophysical Research, Volume 66, No. 6, page 1751, June 1961.

Moore, J. G., and Elliott, S. D.: "A Multicolor Photoelectric
Photometer for Artificial Satellite Observation;" Applied Optics,
Volume 2 No. 6, page 625, June 1963.

Link, F.: "Space Research II, North Holland Publishing Company,
Amsterdam, 1961.

/25



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fesenkov, V. G.: "A Satellite Technique for Sounding the Optical
Properties of the Atmosphere;" Soviet Astronomy, Volume 11, No. 1,
page 1, January-February 1967.

Preski, R. J.: "Determination of Ozone Distribution by Photometric
Observations of Artificial Satellites in Eclipse;" Goodyear
Aerospace Corporation, SP-6809, January 3, 1969.

Lee, R. B., III, and McDougal, D. S.: "Vertical Ozone Profiles
from Observations of Eclipsing Satellites;" NASA Langley Research
Center, Cospar Papre No. e.28, June 1973.

Vvigroux, E.: Ann. Physics, 1953, Volume 8, pages 709-762:
"Contribution a 1 etude Experimentale de 1' Absorption de 1'
Ozone."

Taba, H.: "Ozone Observations and Their Meteorological Applica-
tions;" WMO Technical Note No. 36, 1961l.
Mateer, C. L.: "On the Information Content of Umkehr Observations;"

J. Atmospheric Sciences, Volume 22, pages 370-381, 1965.

Walton, G. F.: "The Calculation of the Vertical Distribution of
Ozone by the Gotz Umkehr-Effect;" Ann IGY Volume 5, pages 9-27,
1957.

Craig, R. A.; DeLuise, J. J. and Stuetzer, I.: "Comparison of
Chemiluminescent and Umkehr Observations of Ozone;" J. Geophysical
Research, Volume 72, No. 6, pages 1667-1671, 1967.

Mateer, C. L., and Dutsch, H. W.: "Uniform Evaluation of Umkehr
Observations from the World Ozone Network, 1, Proposed Standard
Umkehr Evaluation Technique;" NCAR, Boulder, Colorado, 1964.

Johnson, H. L.; Mitchell, R. I., and Latham, A. S.: "Eight-Color
Narrow-Band Photometry of 985 Bright Stars;" Communications of the
Lunar and Planetary Laboratory, No. 92, University of Arizona
Press, 1967.

Mitchell, R. T. and Johnson, H. L.: "Thirteen-Color Narrow-Band
Photometry of One Thousand Bright Stars;" Communications of the
Lunar and Planetary Laboratory, No. 132, University of Arizona

Press, 1969.

ANON: "Operation and Maintenance Instructions for NASA Satellite
Photometric Observatory;" Prepared for NASA-LRC by Goodyear
Aerospace Corporation, GER-12896, Revision A, April 1, 1968.

Duardo, J. A., et al: "Study to Develop a Technique for Measurement
of High Altitude Ozone Parameters, N—-69-19889, November 12, 1968.

Hiltner, W. A.: "Astronomical Techniques;" University of
Chicago Press, Chicago, Illinois, 1962.

/26



